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PREFACE 


The  past  three  decades  have  seen  rapid  advances  in  the  ocean  sciences.  The  develop¬ 
ment  ot  new  or  improved  techniques  of  observing  and  measuring  in  the  ocean  has  greatly 
increased  our  understanding  of  this  complex  environment  and,  as  well,  posed  many  new 
challenges  for  the  scientist.  The  influence  of  marine  organisms  on  sound  transmission  in 
the  ocean,  particularly  sound  scattering  by  zooplankton  and  fish  in  the  deep  ocean  basins 
:  Jias  been  a  persistent  and  rewarding  interest  in  recent  years. 

(j  In  the  spring  of  1970,lhe  Maury  Center  for  Ocean  Science  sponsored  a  three-day 
international  gathering  of  scientists  to  assess  current  understanding  of  biological 
sound  scattering  in  the  oceans.  Thi#  book  is  the  record  of  that  assessment.  It  includes 
both  formal  invited  contributions  and  informal  discussion  sessions.  The  participants  first 
examined  the  biology  of  scattering  layers,  dealing  with  environmental,  ecological  and 
physiological  aspects  as  well  as  the  distribution  and  abundance  of  various  scattering 
organisms.  The  acoustic  manifestations  of  sound  scattering,  as  well  as  some  of  its  geo¬ 
graphic  features,  were  considered  on  the  second  day  of  the  conference.  The  third  day 
was  given  over  to  studies  employing  both  biological  and  acoustic  approaches.  The  partici¬ 
pants  convened  on  the  evening  of  the  third  day  for  a-reviaw  of  the  meetings^  -  j 
The  analysis  of  the  phenomena  of  biological  sound  scattering  requires  several  dis¬ 
ciplines.  This  book  presents  our  current  understanding  and  many  of  ou.  ideas  about 
learning  more  in  this  fascinating  and  useful  field  of  oceanography.  I  hope  it  will  assist 
the  ocean  science  community  in  continuing  or  reshaping  its  research  in  the  biology  and 
physics  of  the  sea.  A  „ 

/  if  A 

J.  B.  Hersey 

Director 

Maury  Center  for  Ocean  Science 
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ABSTRACT 

Fector  analyses  of  occurrences  of  deep-sea  animals,  along  with  various  measurements  of 
their  middepth  environment  off  southern  California,  composed  a  system  of  four  resident  com¬ 
munities,  interacting  with  more  or  less  transitory  groups  of  larvae  and  offshore  species. 

Common  silvery  fishes,  large  reddish  shrimps,  orengish  amphipods,  and  transparent  medusae 
dominated  a  middepth  community  characteristic  of  the  relatively  shallow  Santa  Barbara  Basin. 

Its  counterpart  in  the  deeper  Santa  Cruz  Basin  was  associated  with  an  oceanic  group  containing 
several  offshore  fishes  and  other  animals  characteristic  of  more  tropical  waters.  The  larger 
predators  in  these  middepth  communities  ate  known  to  eat  the  smaller  krill,  sergestld  shrimp, 
and  other  plankters  in  a  shallower  community  of  invertebrates  as  both  groups  ascend  and  tend 
to  merge  near  the  surface  at  night.  A  variety  of  fish  and  crab  larvae,  neritic  krill t,  amphipods, 
salps,  ctenophores,  siphonophores,  ana  silveiy  hatchetfishes  with  gas-filled  swimbladders  formed 
several  transitory  groups,  which  were  associated  amoi.g  themselves  and  with  the  Shallow  In¬ 
vertebrate  Community.  At  the  deep  end  of  the  system  fn  the  Santa  Cruz  Basin,  jet-black  fishes 
and  a  vermilion  shrimp  dominated  a  community  of  bathy pelagic  animals,  which  was  generally 
unrepresented  in  the  Inshore  Santa  Barbara  Basin. 

The  measures  of  seasonal  and  water-mass  changes  had  but  few  species  correlates.  Perhaps 
the  resident  communities,  at  least,  were  not  greatly  altered  by  local  changes,  which  only  in¬ 
directly  reflected  the  characteristic  movements  of  oceanic  water  masses  further  offshore. 

The  mean  res  of  the  sound  scattering  layer  were  associated  either  with  transitory  groups 
containing  fishes  with  gas-filled  swimbladders  or  wiih  the  Shallow  Invertebrate  Community.  In 
a  separate  analysis  of  the  first  year’s  samples,  however,  the  SSL  measures  were  generally  associ¬ 
ated  with  seasonal  watenmass  change.  The  SSL  was  shallower  during  the  spring  period  of 
upwelling  than  during  die  fall  period  of  thermal  stratification.  The  relatively  remote  and  stable 
Offshore  Deep  Community  cor'd  not  have  contributed  to  the  complex  layers  of  sound  scatterers 
in  the  middepths  above. 

INTRODUCTION 

Elton  (1966:81)  presumed  that  “. . .  communities  of  (the)  open  water . . .  seem  to  form  an 
exception  to  any  generalization  about  habitat  structure,  since  their  habitat  has  no  structure  . . . . 
Plankton  has  no  cover  structure  in  which  predator  hunts  for  prey,  though  in  most  other 
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commit  nit  if  s  it  ocems  quite  lixeiy  that  without  such  cover  the  community  would  collapse  before 
long.”  For  this  reason  he  believed  that  . .  plankton  is  profoundly  different  in  its  organization 
from  terrestrial  and  most  aquatic  communities . and  that  . .  its  survival  seems  to  necessitate 
very  intricate  vertical  and  other  movements.”  Community  ecologists,  therefore,  have  generally 
despaired  in  describing  ecological  associations  of  plankton,  presumably  adapted  to  a  “homoge¬ 
neous”  environment.  Recently,  however,  plankton  biologists  have  emphasized  marked  discontin¬ 
uities  in  the  oceanic  fauna.  Most  major  water  masses  contain  assemblages  of  animals  quite  unlike 
other  assemblages  in  adjacent  watei  masses  (Fager  and  McGowan,  1963;  Beklemishev,  1969). 
Also,  shallow  animals  differ  markedly  from  deep  animals  in  morphological,  behavioral,  and  physi¬ 
ological  ways  (Marshall,  1960;  Banse,  1964;  Childress,  1968). 

The  middepth  fauna  off  southern  California  is  especially  complex  because  it  contains  species 
from  three  converging  water  masses,  as  well  as  species  endemic  to  the  California  Current  system 
(Lavenberg  and  Ebeling,  1967;  Ebeiing  et  al.,  1970).  A  counterclockwise  current  gyre,  extending 
from  the  point  of  offshore  deflection  of  the  California  Current  at  Point  Conception  to  south  of 
the  Mexican  border,  moves  inshore  during  a  period  of  upwelling  in  spring  and  early  summer 
(Brown,  1969).  Here,  some  13  depressions  pit  die  relatively  narrow  continental  shelf  (Emery, 
1960).  Off  Santa  Barbara,  the  relatively  shallow  Santa  Barbara  Basin,  600  m  deep,  is  located 
between  the  mainland  and  the  Channel  Islands  about  20  miles  offshore.  The  more  typically 
oceanic  Santa  Cruz  Basin,  2000  m  deep,  is  located  just  seaward  of  the  islands  (Fig.  1).  Here, 
resident  animals  meet  transient  animals  from  the  north  (subarctic  group),  south  (equatorial 
group)  and  west  (central  group)  (Brown,  1969).  These  residents  and  transients  assort  themselves 
both  by  depth  and  by  basin. 


Figure  1.  Deep-sea  basins  off  Santa  Barbara,  California.  Stations  (b'Jched)  included  in 
the  present  analysis  are  in  the  shallow  Santa  Barbara  Basin  and  die  deeper  Santa  Ciuz 
Basin.  A  third,  more  oceanic,  station  in  the  Rodriquez  Dome  aree  was  analyzed  in  another 
study  (Brown,  1969).  Depth  contours  are  measured  in  fathoms. 
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Perhaps  the  1 2-kHz  sound-scattering  layers  (SSL)  observed  off  Santa  Barbara  have  many  con¬ 
tributors.  In  general,  SSL’s  have  been  variously  attributed  to  squids,  crustaceans,  fish  with  swim- 
bladders,  and  siphonophores  (Hersey  and  Backus,  1954;  Nafpaktitis,  1968;  Barham,  1963, 1966). 
The  present  multivariate  analyses  of  abundances  of  species,  estimates  of  biomass,  and  measures 
of  the  physical  environment  have  resolved  a  complex  system,  into  which  fit  selected  measures  of 
the  depth  and  strength  of  the  SSL. 

METHOD 

The  two  basins  were  sampled  using  a  6-foot  Isaacs-Kidd  midwater  trawl  fitted  with  electronic 
sensors  of  depth,  temperature,  and  flow,  and  with  a  four-chambered  cod-end  sampler,  whose 
gates  were  closed  in  sequence  from  on  beard  the  General  Motors  R/V  Swan  (Aron  ot  al ,  1964; 
Bourbeau  et  al.,  1966;  Brown,  1969).  Each  trawl  haul  optimally  provided  a  series  of  “at-depth” 
and  “oblique”  samples.  These  were  sorted  into  fish  and  invertebrate  components,  whose  volumes 
were  estimated  by  liquid  displacement.  Bottom  and  SSL  depths  were  measured  with  a  1 2-kHz 
echo-sounder  (PDR).  Bathythermograph  (BT)  temperatures  measured  to  200  m  for  each  haul 
provided  indications  of  seasonal  water-mass  change. 

Between  fall,  1964  and  spring,  1969, 56  cruises,  about  one  a  month  during  two  main  periods 
of  sampling  (August,  1964 -October,  1965;  July,  1966-October,  1967  and  March,  1969), 
yielded  440  at-depth  samples,  about  evenly  distributed  between  the  basins  and  culled  to  exclude 
those  from  tong  oblique  hauls  from  depth  to  surface  (Brown,  1969).  Corresponding  with  the 
generally  accepted  ecological  depth  zones  off  southern  California  (cf.  Paxton,  1967a),  the  sam¬ 
pled  depths  were  classified  as  shallow  (0-150  m),  upper  middepth  (mesopelagic)  (150400  m), 
lower  middepth  (400-600  m),  and  deep  (bathypelagic)  (deeper  than  600  m).  Samples  included 
in  the  analyses  were  either  intrazone  (“at  depth”)  with  vertical  excursions  less  than  50-100  m  or 
interzone  (positioning)  with  excursions  less  than  200  m.  Only  shallow  and  middepth  hauls  could 
be  made  in  the  inshore  Santa  Barbara  Basin,  which  lacks  a  true  bathypelagic  zone.  The  bathype¬ 
lagic  zone  extends  below  550-600  m  in  the  Santa  Cruz  Basin.  Greater  vertical  trawl  excursions 
were  allowed  in  the  relatively  homogeneous  bathypelagic  zone  than  in  the  complexly  layered 
mesopelagic.  The  collections  represented  most  daily  and  seasonal  periods.  From  collection  and 
environmental  data  sheets,  all  positional,  temporal,  physical,  and  biological  measurements  were 
punched  on  computer  data  cards  for  transcriptions  and  multivariate  analyses. 

The  samples  comprised  two  sets,  one  for  each  cruise  series,  containing  321  (for  years  1966-67, 
1969)  and  1 19  samples  (1964-65),  respectively.  For  the  set  of  321  samples,  108  variables  were 
measured  in  five  categories:  (1)  species-captures  of  80  species  of  small  deep-sea  fishes  and  inver¬ 
tebrates,  standardized  as  numbers  per  kilometer  flow,  a  measure  of  unit  trawling  effort  oi  distance 
trawled  as  derived  from  the  revolutions  registered  by  the  trawl's  flow  meter  (Brown,  1969); 

(2)  biomass  and  diversity -stmd&tdized  fish  volumes,  invertebrate  volumes,  and  numbers  of 
species;  (3)  SSL -depths,  intensity  (scored  from  1 ,  weak,  to  3,  strong),  and  trawling  excursion 
(sampling  effort)  within  the  upper  and  lower  SSL;  (4)  effort -ioid  kilometer  flow  per  sample; 
and  (5)  physical- 16  measures  of  season,  time  of  day,  location,  depth,  and  water  temperatures. 

All  frequency  distributions  of  species  abundances  were  strongly  skewed  to  the  right  as  in  a 
negative  binomial  distribution,  indicating  that  the  animals  occurred  in  patches  (Bliss  and  Fisher, 
1953;  Ebeling  et  al.,  1970).  Species  captures  and  other  variables,  therefore,  were  transformed, 
usually  to  log(x+l),  for  statistical  computations.  Only  79  variables,  including  the  abundances 
of  62  species,  were  analyzed  for  the  second  set  of  1 19  samples. 

Factor  analyses  were  used  to  identify  groups  of  associated  species  and  environmental  measures. 
The  factors,  which  were  derived  from  the  correlations  among  all  of  these  variables,  were  com¬ 
puted  separately  for  the  first  and  second  sets  of  samples.  They  were  computed  in  a  way  that 
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presumably  explained  the  systems  of  intercorrelated  variables  as  simply  as  possible;  ie.,  each 
factor  was  “positioned"  so  that  it  was  strongly  correlated  with  the  smallest  possible  number  of 
variables  (Seal,  1964;  CatteU,  1965;  Harman,  1967).  This  means  that  the  contributions  of  some 
variables  to  a  given  factor  were  maximized,  while  the  contributions  of  others  were  minimized, 
and  that,  optimally,  a  given  variable  contributed  substantially  to  but  a  single  factor.  The  factors 
themselves  were  necessarily  uncorrelated  with  one  another. 

The  relative  contributions  of  the  variables  to  the  factors  were  their  correlations  with  the 
factors,  called  loadings,  which  were  adjudged  “significant"  on  a  somewhat  empirical  basis  (cf., 
Sokal  and  Daly,  1961 ;  also  see  Table  1).  Loadings  of  variables  on  factors,  therefore,  were  either 
as  large  or  as  small  as  possible,  so  that  the  contrasts  between  large  and  small  loadings  were  as 
important  in  identifying  factors  as  were  the  actual  sizes  of  the  significant  loadings  themselves. 
That  is,  factors  were  meaningful  only  if  most  of  their  “non-significant”  loadings  were  near  zero. 
In  the  present  analysis,  non-significant  loadings  were  usually  less  than  0.1 ,  whereas  significant 
loadings,  which  are  listed  in  Table  1 ,  were  usually  larger  than  0.4  on  a  scale  of  0  to  1 .0. 


Table  1 .  Factors  of  the  Middspth  Ecosystem  off  Santa  Barbara 
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Table  1 ,  Factors  of  the  Middepth  Ecosystem  off  Santa  Barbara  (continued) 


II.  OFFSHORE  MIDDEPTH  (continued) 
6(My).  Gnathophausia  ingens 
7(F).  Cyclothone  signuta 

8(M).  Colobonema  sertceum 
(F).  Triphoturus  mexicanux 
(F).  Lnmpanyctus  ritteri 

III.  OFFSHORE  DEEP 
Upper  trawl  depth 
Upper  trawl  temperature 
Location  (to  offshore) 

Bottom  depth 

1(F).  Cyclothone  acclinidens 
2(My).  Eucopia  tpp. 

3(S).  Hymenodora  frontalis 
4(My).  Bcreomysit  ipp. 

5(F).  Uetenostigma  pammelas 
6(0).  Conchoeckt  spp. 

7(M).  Crossota  rufobrunnea 
8(F).  Scopeiogadus  m.  bispinosus 
9(F).  Sternoptyx  dlaphena 
10(F).  Holtbymia  meknocephaia 
(M).  Colobonema  sertceum 

IV.  CRAB  LARVAE,  KRILL  SHRIMP 
1(C).  Lepidopa  myopi 

2(E).  Nyctiphenet  simplex 
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4(C).  hlephttropida  occidentals 
5(E).  Thysanoessa  spini/era 
6(C).  Emertte  analogs 

V.  UPWELUNG,  WATER  MASS 
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BT  temperature,  200  m 
BT  temperature,  100  m 
BT  temperature,  SO  m 
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Table  1 .  Factors  of  the  Middepth  Ecosystem  off  Santa  Barbara  (continued) 
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Table  1 .  Factors  of  the  Middepth  Ecosystem  off  Santa  Barbara  (continued) 
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Because  we  could  make  no  a  priori  estimate  of  the  number  of  groups  of  associated  species 
and  environmental  measures  in  the  present  limited  universe  of  trawl  captures  and  on-station  ob¬ 
servations,  we  compared  several  representations  of  the  system  of  intercorrelated  variables,  each 
composed  by  a  different  number  of  factors.  Representations  of  3-14  factors  in  the  first  analysis 
were  compared  with  each  other  and  with  representations  of  S  and  10  factors  in  the  second 
analysis.  All  analyses  were  done  using  the  program  BMD  03M  (Dixon,  1967)  on  the  IBM  360-75 
computer  at  the  University  of  California,  Santa  Barbara. 

The  median  depths  of  the  upper  and  lower  sound-scattering  layers  in  each  basin  were  averaged 
by  pre-  and  post-noon  periods  of  day  and  by  pre-  and  post-midnight  periods  of  night  (Table  2). 
Shallowest  and  deepest  depths  were  tabulated  by  day,  night,  and  month  (Table  3). 


Table  2.  Depths  of  Sound  Scattering  Layers  at  Day  and  Night  in  the 
Santa  Barbara  and  Santa  Cruz  Basins 


Bavin 

Upper  Layer 

Lower  Layer 

Santa 

Barbara 

Km 

Night  -  31 

Day*  100 

Night  *69 

am 

pm 

pm 

am 

am 

pm 

pm 

an 

61(4) 

46(12) 

36(11) 

22(7) 

88(12) 

111(11) 

77(9) 

56(5) 

Santa 

Cruz 

thy  =  61 

Night  *27 

Day*  118 

Night  *56 

am 

pm 

pm 

« 

~ 

pm 

P* 

- 

75(10) 

25(4) 

25(11) 

29(11) 

128(7) 

49(1) 

55(6) 

56(10) 

Note: 

Average  depths  in  meters  precede  the  number  of  observations  (to  parentheses)  of  distin¬ 
guishable  traces  on  the  Precision  Depth  Recorder  (12  kHz)  for  categories  of  daytime  hours 
of  pre-noon  (am)  and  poet-noon  (pm),  and  of  nighttime  hours  of  pre-mkhtight  (pm)  and 
post-midnight  (am).  The  “aiu”  and  **pinH  averages  are  pooled  for  each  pair  of  categories. 


RESULTS 

Oir  limited  sampling  universe  was  organized  into  a  system  containing  about  10>M  groups  of 
interconelsted  spades  and  environmental  measures  (Table  Ik  lha  seoood  analysis  of  observa¬ 
tions  made  in  1 964-65  substantiated  the  remits  of  the  first  analysis  of  obemvationa  mad*  feta*. 

In  the  first  analysis,  four  groups  remained  intact  no  matter  how  many  factors  were  used  to 
represent  the  system,  and  so  the  spades  in  thass  groups  may  be  important  members  of  four 
resident  communities:  ooe  of  middepth  predators  that  prevail  in  the  lhaBow  Santa  Barbara 
Batin,  another  of  Aafiow  invertebrate  plaaktari  that  an  equaRy  abundant  In  both  basin,  and 
two  others  of  middepth  and  deep  predators  that  prevafi  In  the  aaaopalagjc  and  batfaypalaglc 
zones,  respectively,  of  tin  deeper  Santa  Cmt  lute  (Pig.  2).  Spedas  belonging  to  each  of  two 
communities  jpdktiitd  interactions  between  the  commskhiffit  2.  double  arrows!.  Other 
nrouM  were  more  or  ins  transitory.  fn  that  they  ware  not  identifiable  when  BnMMbth  {ewer 
facton  were  used  to  represent  the  yetean,  but— tgad  with  otiwr  groups  or  with  thioo—oanltiw 
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Table  3.  Extreme  Depths  of  Sound  Scattering  Layers  in  the  Santa  Barbara 
and  Santa  Cruz  Basins  and  the  Months  of  their  Occurrence 


SSL  Layer 

Saata  Barbara 

Santa  Cruz 

Day 

Nl*t 

Day 

N*t 

Opth 

Month 

Depth 

Month 

Depth 

Month 

Depth 

Month 

Upper 

layer 

Shallowest 

16 

IV 

IS 

in,  iv 

10 

IV,  V 

12 

IV 

Deepest 

100 

vni-x 

122 

X 

160 

vni-xi 

60 

vn.xi 

Lower 

layer 

Shallowest 

48 

m 

23 

m 

49 

ra 

40 

LU 

Deepest 

193 

VIII 

122 

X.XI 

170 

xn 

106 

XI 

Nota: 

The  depth*  (arable  numbers),  pooled  from  two  or  three  obeemtkns  each  of  midpoints  on  the  FDR 
traces  are  hired  by  the  months  (roman  numerals)  whan  they  ware  recorded. 


(single  arrows).  “Transitory  groups”  usually  contained  animals  that  are  seasonally  abundant,  such 
as  exotic  species  with  centers  of  distribution  far  outside  the  sampling  area  and  shallow-water 
■pedes  represented  only  by  their  pelagic  young  and  lame,  or  contained  animals  that  are  atypical 
in  their  behavior,  such  as  fish  species  that  cannot  ascend  as  rapidly  as  moat  others  because  they 
have  large  gas-filled  swiinbtadders.  A  "physical  group,"  containing  only  measures  of  seasonal 
change  and  water  temperatures,  reflected  the  annual  oceanographic  cycle. 

L  INSBOftE  FI8B  VOLUME  COBfMUNlTY.  Incseadng  volumes  of  fish  caught  distinguished 
a  resident  community  of  middepth  predators  In  th  a  relatively  diaflow  and  inshore  Suita  Barbara 
Basin  (Table  1  and  Fig.  2:  factor  0-  A  silvery  deep-tea  smelt  (factor  1:  species  1)  and  common 
laateroflsh  (4)  abound  within  die  region  of  the  southern  Californian  basins,  but  rapidly  dwindle 
in  numbers  outside  this  region.  Thaea  flafaes  u»d  a  large  reddfah  glau  dirimp  (S)  appear  pre¬ 
adapted  to  life  in  the  insbora  barins,  which  exchxk  many  of  tbs  animals  characteristic  of  the 
oceanic  regions  farther  offdsore  (Ebattag et  al.,  1970).  [Claita(1966)  observed  that  "The 
migrating  meaopetagic  fauna  of  the  (Santa  Barbara  Bndn)  is  teas  complicated  than  that  of  the 
open  ocean,  and  moat  of  ths  truly  bathypelagic  ipeciee  are  abaant."]  Other  common  members 
of  this  community  included  a  nnaDar  and  pekr  glass  dirimp  (2)  sad  two  Kght  or  oranghh 
amphipods  (3,6).  JaBy-BM  anfenati  were  repreaanted  by  two  tnmapnrant  medusaa  (73)  and 
various  pieces  of  dphonophorea  (10).  Although  numerically  spam,  the  relatively  large  pelagic 
young  of  a  benthonic  cat  shark  (9)  substantially  iocmaed  the  Adi  wohiraee.  The  anaH  and  peit 
dirimp  Stypurai  rhdb  alao  belonged  to  a  ddkwtr  fonwnaity  of  invertebrate  piardrtars 
(factor  VD).  Perhaps  the  deeper  «d  iaryar  predators  traded  dm  dmQower  communities  of 
plankton,  eepedaty  at  ai#t  whui  populations  of  predators  and  prey  tended  to  merge  near  the 
nufaoe. 

m  SHALLOW  INVEKTBSRATtt  C0MMIMTY.  These  abundant  pianktsn,ak><4  with 
vertnui >dhw  (me  factor  Xffl),  raede  up  moat  of  ths  javsitebrue  vohtmar  and  apparently 
uouxumg  cttnnf  xsm  ptnoQ  ot  owm  mnmow  m  uHinnitM  w.  iwocoofioft 
kriOt  of  ths  CaBfonia  Currant  region  (Brinton,  1962)  may  cooccur  abundantly  in  thie  com¬ 
munity  became  they  lead  fas  different  ways:  Vrweemcrih  djjfelb  (VO:  2)  probably  graape  to 
any  bp  ha  two  Ions  pincers.  whBa  Etothmak  pacific*  (6L  whkh  rams  farther  northward. 
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FJ*ro  1  Aataal  mockttoni  in  the  uUdapdu  off  Santa  Barbara.  Cattforak.  Sottd  Bum 
endow  ipocka  duwtcrbtte  of  raafchtt  oonanaaitka;  dadwd  Ban  endow  yacka  charac¬ 
teristic  of  tmudtuy  group*.  Dottad  Ibsw  iHtanphh  ooarouaHkt  from  Juxtapowd  group*. 
Double  anowt  indicate  fwt  the  awockrtoiu  tan  tar  probably  ihan  ibnhait  Baa)  one  or 
more  weeks;  ringk  arrows  indicate  that  spade*  ftora  tmuttory  group*  awodate  wftfc  other 
nch  croup*  or  wtth  oocmnaHka,  a*  peogrwrireiy  fona*  kctora  weaasd  to  represent  the 
system.  Factor*  (ronao  summit)  and  ipacka  (arabtc  asuomh)  ara  idee  tiffed  m  Tab**  1. 
AB  parameter!  of  tha  Souad  Scattad*  Layer  tat  oat,  which  hta  group  IX.  art  cweahkd 
totathar  by  factor  V1D  (SSU  Stippling  on  the  aataaak  laprnnitt  ooioraflon  of  daric  browg 
and  btodt  (fish)  or  ctf  dart  gad  and  rarmtkm  (emttwumt). 


filters  out  its  food  by  beating  its  derdfce  left  (Barham.  1957).  Within  and  below  concentrations 
of  the  krfll,  the  pak  sarftstid  torirnp  (5)  rtnpd  down  into  tha  daytime  habitat  of  its  predators. 
Small  pak  tryhipodt  (1 4)  and  trsnapercnt  arTOwwormt  (3),  which  voraciously  eat  snail 
zooplankton,  occurred  wtthto  the  danse  layers  of  krfll.  In  tha  second  analyria,  the  arrowwonns, 
which  were  then  identified  to  apodes,  formed  a  distinct  trsndtory  ffoup  with  three  atnafl  fichaa, 
which  reportedly  remain  at  about  tha  woe  depth  both  day  and  nitftt(Tabit!:  Arrowwocm 
Factor). 

DL  OmaOKfilOIiOeFIBCOIttlUMTY.  Thk  community,  together  with  t  transitory 
ftoup  of  offrbort  fishes  which  ascend  toward  fit*  surface  at  ai^tt  (IX:  I -3, 6, 7),  was  more 
dhurm  than  its  fcatom  counterpart.  The  canters  of  dhtributtan  of  its  (hh  members  art  in 
oceanic  waters  to  tha  south  and  west  (Ebcttot,  1962;  Barry  and  Perietal,  1966;Pfepar,  1967). 
farcy  (1964)  end  Brown  (1969)  tfwwed  that  tha  diversity  of  the  meeopeh^c  flrii  fauna  to* 
cresset  offitoote  over  and  beyond  tha  conttaaatal  dope,  sad  that  toward  taore,  the  taoaltai 
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bottom  limits  penetration  of  the  more  oceanic  species.  Two  decapod  shrimps  dominated  the  resi¬ 
dent  community  per  sr.  a  pale  glass  slirimp  (II:  1),  which  resembles  Pasiphaea  pacifica  of  the  In¬ 
shore  Fish  Volume  Community,  and  a  bright  red  shrimp  (2)  which  was  almost  never  trawled  inshore. 
The  glass  shrimp  is  concentrated  above  the  darker-colored  shrimp  (Pearcy  and  Forss,  1966)  end 
a  large  bright  red  mysid  (6)  (Childress,  1968).  Other  important  members  included  a  small,  slender 
amphipod  (4),  two  common  medusae,  one  colored  with  patches  of  deep  violet  (3)  and  the  other 
nearly  transparent  (8),  an  eel-like  jet-black  dragon  fish  (5),  and  the  tiny  semi-transparent  bristle- 
mouth  fish  (7)  that  associated  with  three  species  of  arrowworms  in  the  second  analysis. 

ID.  OFFSHORE  DEEP  COMMUNITY.  Jet-black  fishes  (1 ,  S,  8, 10)  and  a  vermilion  shrimp 
(3)  characterized  this  deep  community  of  Santa  Cruz  Basin,  which  was  sampled  by  deeper  trawl 
hauls  into  colder  water.  Here,  small  mysids  (2. 4)  replaced  the  paler  mesopelagic  amphipods. 
Except  for  occasional  strays,  most  of  the  bathypeiagic  species  avoided  the  shallow  Santa  Barbara 
Bas<n,  although  an  eel  pout  (5)  belonging  to  a  family  of  predominantly  bentkonic  and  littoral 
fishes,  was  commonly  trawled  in  both  basins.  Even  though  they  belong  to  the  deep  community 
n'Ebeling  et  al.,  1970),  rare  bathypeiagic  animals,  like  the  deep-sea  smelt  Bathyhgus  milleri,  did 
not  appear  in  the  final  results  of  the  analyses  because  they  were  caught  so  sporadically.  And 
even  most  of  the  deep  members  (5*10)  included  in  the  final  results  were  rare  by  middepth  stan¬ 
dards.  They  were  less  abundant  by  one  or  two  orders  of  magnitude  than  the  predominating 
bristlemouth  fish  (1)  and  shrimp  (3).  All  fishes  except  the  dusky  hatchetfish  (9)  lacked  gas- 
filled  swimbladdsrs.  This  community  appeared  relatively  stable  throughout  the  year.  Its  total 
biomass  was  considerably  less  than  that  of  the  middepth  communities  above  (cf.,  Vinogradov, 
1961 ;  Danse,  1964).  Many  of  the  bathypeiagic  species  are  circumlropical  or  almost  cosmopoli¬ 
tan  in  distribution  (Grey,  1956;  Lavenberg,  1964). 

TRANSITORY  GROUPS  (IV,  IX,  X,  XI,  XII,  Xil£,  XTV).  Even  though  transitory  species 
and  community  members  generally  live  together  at  one  time  or  another,  their  abundances  often 
did  not  vary  concordantly.  Many  of  the  transitory  species  behaved  differently  from  community 
members,  in  that  they  did  not  appear  to  ascend  at  Tight.  The  silvery  hatchetfishes  (X 1:2, 4; 

XIV:  1)  and  tropical  gonostomstid  fish  (XI.  1)  have  large  gas-filled  swimbladders  with  relatively 
small  gas-secreting  organs  (cf.,  Kan  wisher  and  Ebeling,  1957;  Marshall,  1960),  and  so  would  have 
difficulty  adjusting  their  gas  volume  during  rapid  and  extensive  vertical  migrations  like  those  of 
some  lanternfishes.  In  fact,  there  is  little  evidence  that  hatclietfishes  ascend  at  night  (Ebeling 
et  al.,  1970).  Similarly,  the  group  of  fish  larvae  contained  species  like  the  hake  (X:3)  and  rock- 
fish  (2)  with  large,  balloon-like  swimbladders. 

Larval  fishes  (X)  and  zoea  lame  of  sand  crabs  (IV:  1, 3, 4, 6)  were  segregated  into  two 
relatively  well-defined  but  associated  groups  that  contained  all  species  represented  only  by 
larvae  and  young.  Although  group  X  contained  only  fish  lame,  group  IV  included  two  species 
of  krill.  These  small  krill*  (2, 5)  are  mainly  neritic  in  distribution,  in  contrast  with  the  two  com¬ 
mon  krills  of  the  Shallow  Invertebrate, Community  (VII:2, 6),  which  range  abundantly  into  the 
California  Current  region  further  offshore  (Brinton,  1962).  Largest  numbers  of  fish  lame  were 
caught  after  most  neritic  and  demersal  fishes  had  bred  during  the  winter  mixing  and  spring  up- 
welling  periods  when  surface  temperatures  drop.  The  fish  lame  added  substantially  to  the 
diversity  of  the  total  fish  catch. 

Other  transitory  groups  contained  species  with  their  centers  of  distribution  located  in  more 
tropical  waters  farther  offshore  and  southward.  The  Offshore  Fish  (IX)  and  Hatchetfish  (XIV, 
XI)  grevps,  however,  entered  the  Offshore  Middepth  Community  (U),  especially  in  summer  and 
fall  when  the  California  Current,  containing  cold  subarctic  water,  was  weakest  (Brown,  1969). 

A  cosmopolitan  salp  QX:5)  was  also  seasonally  abundant.  The  oceanic  krill  Euphmtk  hemigibba 
was  a  possible  indicator  of  tropical  intrusions  during  summer  and  fall  (Aron  et  al.,  1967). 
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Various  “jellies”  (XII*  XIII)  occurred  within  and  above  the  Shallow  Invertebrate  Comrrunity 
and  its  associated  groups  of  zooplankters.  The  ctenophores  (1)  eat  young  krill,  decapods,  and 
fish  (Fraser,  1962),  and,  in  fact,  Euplokamis  califomiensis  {XIII:  1)  was  associated  with  the  shah 
low  invertebrates  in  the  second  analysis.  Decreasing  flow  of  water  through  the  trawl,  incasing 
invertebrate  volumes,  and  shallower  hauls  in  warmer  water  identified  the  Volume  Jelly  Clogging 
Factor  (Xlll),  which  associated  a  predacious  siphonophore  (2)  and  herbivorous  salp  (3)  with  a 
ctenophore  (l).  During  shallow  hauls,  these  voluminous  jellies  often  clogged  the  net,  filling  the 
cod-end  chambers  of  the  trawl  and  thereby  obscuring  the  small  crustaceans  and  flsh  larvae  caught 
with  them. 

The  transitory  groups  disseminated  into  other  ecological  groups  and/or  the  middepth  com¬ 
munities  (Fig.  2,  single  arrows).  Members  of  the  Offshore  Fish  and  Hatchetflsh  groups  lire 
among  members  of  the  Offshore  Middepth  Community.  Ihe  jellies  and  groups  of  larvae  associ¬ 
ated  among  themselves,  with  parameters  of  the  SSL,  and  directly  or  indirectly  with  the  shallow 
invertebrates.  The  Trawl  Haul  Obliqueness  Factor  (VI)  simply  assembled  the  parameters  dis¬ 
tinguishing  oblique  hauis,  usually  to  the  surface  through  the  habitat  of  the  shallow  invertebrates 
and  their  cohorts. 

V.  UPWELUNG,  WATER  MASS  FACTOR.  Decreasing  upweldng  and  rising  water  tempera¬ 
tures  during  summer  and  fall  signified  the  annual  oceanographic  sequence  from  vertical  mixing 
in  late  winter,  through  spring  upwelling,  to  fall  stratification  (Barham,  1957;  Brown,  1969).  The 
sound  scattering  layer  was  shallowest  and  strongest  during  the  upwelling  months  (Table  1,  VII; 
Table  3),  Barham  (1957)  observed  that  in  Monterey  Bay,  blooms  of  phytoplankton  follow  the 
onset  of  upv/elling  by  only  one  or  two  months,  and  that  the  peak  bloom  and  i‘ $  exploitation  by 
grazers  coincides  with  the  predominance  of  a  “solid  type  of  scattering  pattern.” 

VIII.  SOUND  SCATTERING  LAYER  (SSL)  FACTOR.  The  upper  and  lower  layers  of  the 
SSL  descended  with  daybreak  (see  Table  2),  when  the  intensity  or  “strength”  of  12-fcHz  sound 
scattering  diminished.  The  shallowest  layers  nearest  the  sound  source  were  strongest  and 
clearest,  which  may  account  for  tire  apparent  increase  of  trawling  effort  within  them;  i.e.,  broad 
and  well-defined  traces  facilitated  estimates  of  the  proportion  of  a  haul  within  the  depth  interval 
defined  by  the  PDR  trace.  The  measure  of  effort  in  sampling  the  upper  SSL  cc  related  with  in¬ 
creasing  abundances  of  offshore  fishes,  which  included  several  diel  vertical  migrators  (IX:  SSL). 
Members  of  the  Shallow  Invertebrate  Community  and  associated  transitory  groups  varied  in 
numbers  concordantly  with  fluctuations  in  the  SSL  (Fig.  2:  VIII).  The  second  analysis  sub¬ 
stantiated  the  relationship  between  the  migration  of  the  upper  SSL  and  the  daily  cycle  of 
abundance  of  shallow  invertebrates.  It  also  showed  that  during  the  upwelling  period  both 
scattering  layers  were  near  the  surface  both  during  the  day  and  at  night  (Table  3). 

DISCUSSION  AND  CONCLUSIONS 

The  resident  communities  of  deep-sea  animals  are  presumably  more  stable  in  abundance, 
composition,  and  function  than  are  the  transitory  groups.  Although  Fager  (1963:418)  defined 
a  community  simply  as  , .  a  group  of  species  which  are  often  found  living  together,”  he  im¬ 
plied  that  these  species  coexist  in  well-organized,  albeit  open,  systems  having  a  definite  structure 
and  trophic  function.  MacFadycn  (1963)  suggested  that  communities  should  have  a  relatively 
stable  composition,  numerical  hierarchy  of  species,  and  unity  as  secured  by  the  many  interlock¬ 
ing  relationships  among  their  member  specks  and  their  environment.  These  relationships,  which 
involve  physiological  tolerances,  predator-prey  interactions:  and  interspecific  competition,  ac¬ 
count  for  . .  mixtures  of  species  which  are  unequally  successful  (because).. .one  or  a  few 
species,  the  dominants,  overshadow  all  others  in  their  mass  and  biological  activity . . .”  (Whit¬ 
taker,  1965: 250).  In  the  present  study,  for  example,  two  species  each  of  fishes  and  glass  shrimps 
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numerically  dominate  the  Inshore  Fish  Volume  Community;  a  few  krill,  amphipods,  and  a 
sergestid  shrimp  dominate  the  Shallow  Invertebrate  Community;  and  a  bristlcmouth  fish  and 
vlirk  vermilion  shrimp  dominate  the  Offshore  Deep  Community.  Many  of  the  transitory-group 
members,  on  the  other  hand,  are  either  almost  equally  abundant  or  replace  each  other  in  abun¬ 
dance  during  the  year  and  from  one  year  to  the  next. 

Although  our  model  was  derived  indirectly  through  analyses  of  remotely  collected  samples,  it 
still  strongly  indicates  that  deep  pelagic  animals  live  in  associations  having  varying  degrees  of 
structure,  even  though  their  environment  is  essentially  unstmetured  in  the  sense  that  it  lacks  a 
complex  and  firm  substrate  making  up  tangible  cover.  Beklemishev  (1969)  pointed  out  that 
pelagic  communities  differ  from  terrestrial  or  bottom  communities,  in  that  they  occupy  a  three- 
dimensional,  continuously  moving  medium  containing  few  obvious  landmarks.  He  concluded 
that  pelagic  communities  are  widespread  geographically  within  the  major  oceanic  water  masses, 
which  are  maintained  by  vast  current  gyres  as  more  or  less  permanent  and  closed  systems.  But  in 
the  present  study,  the  relatively  small  and  semipermanent  southern  California  gyre  may  tend  to 
integrate  communities  on  a  more  local  scale.  Angel  (196S)  suggested  that  despite  the  vertical 
migrations  of  most  of  its  members,  an  Atlantic  community  of  ostracods  is  we’-  organized  and 
numerically  stable  within  its  total  depth  range.  Also,  Pearcy  (1964: 96)  concluded  that  off 
Oregon,  “. . .  a  single  community  of  upper  mesopelagic  fishes  is  suggested  by  the  absence  of 
drastic  changes  in  the  occurrence  of  species.” 

Other  studies  tend  to  substantiate  the  general  composition  of  some  of  the  communities  and 
transitory  groups  resolved  in  the  present  study.  Clarke  (1966)  distinguished  three  principal 
layers  of  vertically  migrating  animals  in  the  Santa  Barbara  Basin:  krills,  shrimps,  and  lantemfish. 
He  noted  that  ctenophores  occur  at  the  krill  level;  our  second  analysis  indicated  that  ctenophores 
may  occur  with  members  of  the  Shallow  Invertebrate  Community,  which  contains  the  common 
krill.  Garke  also  showed  that  fishes  and  glass  shrimps  of  the  Inshore  Fish  Volume  Community 
generally  live  below  the  main  SSL  at  greater  depths  than  do  most  of  the  shallow  invertebrates 
(krill  and  sergestids).  Ebeiing  et  al.  (1970)  showed  that  four  important  members  of  the  Offshore 
Deep  Community  were  in  a  cluster  of  “typical  bathypelaglc  species,”  that  the  two  dominant 
fishes  of  the  Inshore  Fish  Volume  Community  were  invariably  in  the  same  cluster,  and  that  the 
offshore  fishes  were  often  co-associated.  Also,  Brown  (1969)  and  Ebeiing  et  al.  (1970)  found 
similar  pairs  of  co-occurring  species  of  offshore  fishes:  the  vertically  migrating  lantemfishes 
Tarletonbecnia  crcnularis  and  Dtophus  theta,  the  vertically  migrating  lantemfishes  Lampanyctw 
ritteri  and  Symbolophorus  califomiemds,  and  the  adult  melauphaid  Melamphaes  lugubris  and 
the  pelagic  young  of  tbs  demersal  rockcod  Sebastolobus  alttvelis,  both  apparently  non-migrators 
with  large  gas-filled  swimbladders. 

Vertically  migrating  members  of  the  middepth  communities  may  follow  and  eat  the  shallow 
invertebrates  during  the  night,  fiien  descend  at  daybreak  to  escape  predation  and  to  rest 
(McLaren,  1963).  Anderson  (1967)  and  Holton  (1969)  showed  that,  during  its  ascent  at  night, 
the  offshore  lantemfish  TYiphoturus  mexicanus  (IX:2)  eats  various  shallow  invertebrates,  in¬ 
cluding  krill,  sergestids,  and  copepods.  Barham  (1957)  noted  that  the  lantemfishes  Dtophus 
theta  (IX:  1)  and  Stenobrachius  leucopsants  (1:4)  eat  krill,  young  sergestids,  and  various  copepods. 
Faxton  (1967b)  listed  in  order  the  preferred  prey  of  common  southern  California  lantemfishes: 
krill,  copepods,  and  sergestids. 

In  general,  species  abundances  were  not  correlated  with  the  group  of  bathythermograph 
temperatures  and  seasonal  parameters.  This  implies  that  although  the  parameters  of  depth,  loca¬ 
tion,  and  time  of  day  directly  affect  the  associations  and  general  behavior  of  the  animals,  the 
parameters  of  water  masses  such  as  temperatures  at  specific  depths,  affect  the  animals  indirectly 
or  not  at  all.  Abundances  of  animals  within  tbs  local,  semienclosed  basins  vary  with  temporal 
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and  physiographic  changes,  such  as  changes  in  time  of  day,  location,  bottom  depth,  and  trawi 
depth  and  temperature.  Perhaps  the  resident  communities  here  are  not  greatly  altered  by  local 
upwelling  and  water -mass  flux,  and  the  transient  species  move  in  and  out  of  the  basins  according 
to  oceanographic  changes  expressed  more  explicitly  further  offshore.  Banse  (1964:  1 1 1)  sug¬ 
gested  that  “The  vertical  arrangement  at  a  station  . . .  may  not  reflect  the  behavioral  reaction  of 
animals  to  actual  conditions  of  life,  but  would  be  due  to  former  conditions  at  other  peaces.” 

Communities  and  groups  relate  to  the  12-kHz  SSL  in  several  ways.  Off  Santa  Barbara,  strong 
upper  and  lower  scattering  layers  were  recorded  in  both  basins  (Tables  2, 3),  with  a  third  weak 
layer  occasionally  detectable  below.  A  weak  component  of  the  second  or  third  layer  in  the  Santa 
Cruz  Basin  did  not  appear  to  migrate.  Transitory  groups  of  animals,  some  with  gas-filled  hydro¬ 
static  organs,  seem  to  be  associated  with  the  SSL,  which,  in  turn,  seems  to  be  more  directly  asso¬ 
ciated  with  the  Shallow  Invertebrate  Community  than  with  the  other  three  communities.  The 
shallow  invertebrates,  in  turn,  tend  to  intergrade  with  members  of  the  middepth  communities, 
probably  through  the  vertical  migrations  of  predators  and  prey.  The  relatively  remote  Deep  Off¬ 
shore  Community  which  apparently  interacts  but  little  with  the  mesopelagic  fauna,  probably 
contributes  few  if  any  members  to  the  complex  layers  of  recorded  sound  scatterers.  Its  adult  mem¬ 
bers  are  more  or  less  restricted  to  the  bathypelagic  zone  anu  rarely  invade  the  middepths,  al¬ 
though  larvae  and  young  often  live  in  the  meso pelagic  zone  (Marshall.  1960).  Pearcy  and  Laurs 
(1966)  observed  that  daily  variations  in  fish  abundance  at  different  depths  are  noticeable  only 
above  500  m  off  Oregon,  implying  that  few  mesopelagic  fishes  descend  into  the  bathypelagic 
zone  and  vice  versa. 

Most  of  the  sound  scattering  may  be  caused  by  a  complex  of  various  plankton  groups  and  off¬ 
shore  fishes  associated  with  the  prevailing  community  of  shallow  invertebrates.  However,  the 
migrating  component  of  the  faint  deepest  layer  may  signify  concentrations  of  larger  predators 
following  their  prey  as  they  ascend  at  night,  and  the  weak,  non-migrating  component  in  the 
Santa  Cruz  Basin  may  signify  small  assemblages  of  hatchetfishes  and  other  fishes  with  large, 
balloonlike  swimbladders.  Taylor  (1968)  observed  that  lanternfishes  with  gas-filled  swimbladders 
were  abundant  in  the  main  SSL  off  British  Columbia,  although  fishes  without  swimbladders  or 
with  gasless  swimbladders  ranged  below  the  main  layer  into  the  deep  SSL.  Barham  (1957)  at¬ 
tributed  a  solid  SSL  band  in  Monterey  Bay  off  central  California  to  a  layer  of  krill  and  sergestids, 
a  diffuse  band  to  concentrations  of  an  offshore  lanternfish  (IX:  1),  whose  swimbladder  is  only 
partly  filled  with  gas  (Capen,  1967),  and  a  deep  band  to  concentrations  of  this  lanternfish  and 
another  lanternfish  0: 4)  belonging  to  the  Inshore  Fish  Volume  Community.  Davies  and  Barham 
(1969)  trawled  typical  si  allow  invertebrates  snd  siphonophores  with  gas-filled  pneumatophores 
in .i  strong  main  scatterin'’  layer  off  San  Diego.  Hatchetfishes  and  amphipods  ranged  upward 
from  this  main  layer  into  a  weaker  upper  layer,  while  the  mass  of  catchable  fish  was  concentrated 
below  the  main  layer.  Barham  (1963, 1966)  observed  physonect  siphonophores  and  “silver” 
lanternfishes  with  gas-filled  swimbladders  in  the  main  layers  off  San  Diego  and  in  more  tropica] 
waters  to  the  south,  respectively.  In  the  Gulf  of  California,  however,  concentrations  of  lantern- 
fishes  and  other  middepth  fishes,  krill,  snd  several  shrimps  apparently  occur  at  the  depths  of  the 
SSL  (Dunlap,  1*59). 

Clarice's  (1566)  analysis  of  trawl  samples  from  the  Santa  Barbara  Basin  substantiates  the 
present  conclusions  that  the  Shallow  Invertebrate  Community  forms  some  sort  of  n.'xus  for  tLs 
lower  of  the  two  swain  scattering  layers,  while  most  fish  (1 , 4)  in  the  Inshore  Fish  Volume  Com¬ 
munity  occur  deeper.  The  shallow  layer  may  be  unrelated  to  either  community.  In  general, 
Banie  (1964: 103)  concluded  that  “The  main  constituents  of  the  DSL  seem  to  be  Euphausiidae 
[krill]  in  its  upper  portion . ..  and  fishes  in  the  lower.  Shrimps  and  squids  can  also  be  of  im¬ 
portance,"  Also,  Kinzer  (1969)  observed  that  the  SSL  in  the  eastern  subtropical  Atlantic  is 
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composed  mostly  of  two  migrating  layers,  leaving  a  component  at  depth  during  the  night.  Krill 
and  copepods  are  concentrated  in  the  upper  layer,  while  amphipods,  ostracods,  and  arrowworms 
are  more  dispersed  within,  above,  and  below  it.  Aggregations  of  deeper  fish  are  apparently  at¬ 
tracted  to  the  layer  of  shallow  invertebrates.  Nafpaktitis  (1968)  concluded  from  a  literature  re¬ 
view  that  -  wo  groups  predominate  in  the  SSL:  shallower  crustaceans  (krill  and  sergestids)  and 
deeper  lantemfishes,  especially  those  with  gas-filled  swimbladders. 

Other  investigators,  however,  found  little  or  no  correlation  between  catches  made  in  the  kind 
of  midwater  trawl  used  in  the  present  study  and  depths  of  the  SSL.  Aron  et  al.  (1967:  45) 
maintained  that  “The  relatively  poor  correlation  between  biological  and  acoustical  data  [implies] 
that  scattering  at  12  kHz  is  not  caused  by  zooplankton.  The  data  further  suggest  that  the  trawl, 
although  capable  of  producing  large  catches  of  lantemfishes,  is  not  an  effective  device  for  sam¬ 
pling  the  low-frequency  sound  scatterers  of  the  DSL.”  Pieper  (1967)  could  find  little  relationship 
between  catches  of  presumed  sound  scatterers  (krill,  lantemfishes,  and  siphonophores)  and  the 
recorded  depths  of  the  SSL.  In  the  present  study,  the  abundances  of  very  few  species  varied 
directly  with  the  parameters  of  the  upper  SSL.  But  copepods  and  other  tiny  herbivores  (except 
for  the  crab  larvae)  were  not  included  in  the  analyses  because  they  were  not  sampled  effectively 
in  the  trawl.  Dense  aggregations  of  such  grazers  may  contribute  substantially  to  the  upper  layer. 
Barraclough  et  al.  (1969)  showed  that  across  the  Pacific,  dense  concentrations  of  copepods, 
interspersed  by  a  few  krill,  amphipods,  and  arrowworms,  occur  within  the  depth  ranges  of  shal¬ 
low  layers,  detected  with  a  high-frequency  (200  kHz)  echo  sounder. 

We  propose  a  four-dimensional  spatial  and  temporal  model  of  the  deep  pelagic  ecosystem  off 
Santa  Barbara.  The  four  resident  communities  are  basic  to  its  organization.  Although  they  over¬ 
lap  in  space  and  time,  they  are  distinguishable  from  one  another  by  the  relatively  stable  concor¬ 
dant  abundances  cf  their  member  species,  which  are  little  affected  by  local  water-mass  changes. 
Transitory  species  move  within  and  about  the  fundamental  framework  of  communities  and  often 
segregate  into  relatively  unstable  guups  by  their  different  kinds  of  daily  and  seasonal  movements. 
Many  are  either  young  of  neritic  and  demersal  species,  or  offshore  species  whose  oceanic  centers 
of  distribution  arc  located  far  from  the  distinctive  local  area  of  the  southern  California  gyre.  The 
complex  interrelationships  among  the  associations  of  middepth  animals  and  the  layers  of  sound 
scatterers  imply  tha*  many  species  of  invertebrates  and  fishes  contribute  to  the  SSL  as  they  pur¬ 
sue  their  diverse  activities  within  and  between  the  communities  and  transitory  groups.  There¬ 
fore,  the  SSL  per  se  may  reflect  many  biological  activities  and  is  probably  much  more  complex 
than  indicated  by  the  simple  tracings  of  12-kHz  volume  sound-scattering. 
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ABSTRACT 

Examination  of  lbout  290  midwater  trawl  hauls  ir  it  to  a  depth  of  1000  m  in  the  equa¬ 
torial  and  western  North  Atlantic  Ocean  from  1961  to  1968  suggests  that  at  least  10  physical 
boundaries  determine  die  ranges  of  mesopeiagic  fishes.  The  boundaries  delimit  six  pelagic 
regions -the  Slope  Water  Region,  the  Northern  Sargasso  Sea,  the  Southern  Sargasso  Sea,  the 
Gulf  of  Mexico,  the  Caribbean  Sea,  and  the  Amazonian  Region -and  partly  delimit  four 
others-the  Eastern  Gyre  and  the  Labrador,  Leaser  Antillean,  and  Guinean  regions,  It  is  rare 
for  a  fish  spades  to  be  restricted  to  a  single  region.  Rather,  the  Hah  distribution  patterns 
noted  result  mainiy  from  the  occupancy  of  various  combinations  of  regions  by  spedes.  For 
warm-water  spedea,  seven  distribution  patterns  have  been  noted,  the  most  important  of 
which  tie  the  tropical,  the  brotdfy  tropical  and  tha  Sargasso  See  patterns.  We  have  insum- 
dent  data  for  defining  the  distribution  patterns  of  widespieed  spedea  and  spedea  having 
■ttenHely  eastern  and  northern  ranges  in  the  North  Atlantic.  Each  of  these  categories  con¬ 
tains  spedea  that  ere  distributed  molding  to  more  than  one  pattern,  and  species  in  the 
northern  group  an  tentatively  divided  into  three  subgroups  on  the  basis  of  the  southern 
range  limit  in  the  west.  Each  pelagic  region  has  a  more  or  less  unique  fkh  fauna  with  its 
characteristic  mttmhitga  of  spades  in  characteristic  proportion,  its  characteristic  diversity, 
aadsocSL  ZoagaographkaUy,  tha  equatorial  tad  writes  North  Atlantic  conrists  of  a 
northern  part  (north  of  JJ*  N  or  40*  N)  and  a  tropical  part  ( dte  Gulf  of  Mexico  through  the 
Guinean  Ra#on).  asperated  by  a  broad  franttrion  tone  (tha  Scrgetao  Sea). 


INTRODUCTION 

Semiring  the  fates  of  the  me*>peUgiai,  the  dim! y  lit  upper  rakfwatart  of  the  open  ocean  be¬ 
tween  about  1 00  and  1 000  m,  is  difficult .  Like  all  fishing  gear,  mid-water  nets  are  selective. 
Moreover,  moat  mesopelagk  specks  are  dally  vertical  migrators,  and  thaw  it  evidence  (a*., 
Clarke  and  Backus  1964)  that  they  art  cootknnfly  altering  their  depth,  although  moat  of  the 
change  comet  at  dutk  and  at  dawn.  Furthermore,  tha  physical  factors  that  appear  to  control  the 
depths  at  which  these  fates  Ik  (trampertacy,  temperature,  and  tha  Ike)  vary  horizontally  over 
dktancea  of  a  few  aides.  In  short,  the  arraatemeat  of  fates  in  the  water  column  la  oontfauefiy 
«*-»0ng  from  moment  to  moment  and  from  piece  to  place. 

•Oanrriburiou  EK  2323from  the  Woods  Hate  Ocemoysphir  btsritetks*. 
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It  is  for  this  reason,  as  well  as  for  the  sheer  size  of  the  area  involved,  that  so  little  is  known 
about  the  patterns  of  geographic  distribution  of  North  Atlantic  meeopelegic  fishes  (or  of  any 
group  of  mesopelagic  organisms  in  any  ocean).  Even  less  is  known,  of  course,  about  what  the 
physical  factors  controlling  these  distributions  might  be,  although  what  can  be  called  the  “water 
mass”  hypothesis  is  currently  popular.  Tnis  useful  idea  suggests  that  the  ranges  of  pelagic  ani¬ 
mals  conform  to  the  water  masses  as  defined  by  their  temperature-salinity  relationships.  This 
concept  was  first  used  by  Pick  ford  (1946)  and  HafTner  (1952)  and  has  grown  mostly  as  a  result 
of  Pacific  Ocean  studies  (e.£.,  Bieri  1959,  McGov  an  I960,  Brinton  1962,  Ebeling  1962,  Eager 
and  McGowan  1963,  Ebeling  and  Weed  1963,  and  Paxton  1967).  Were  the  water  mass  hypoth¬ 
esis  sufficient,  however,  the  zoogeography  of  the  North  Atlantic  pelagi&l  would  be  very  simple, 
for  it  consists  almost  wholly  of  one  water  mass-the  North  Atlantic  Central  Water.  Our  data 
indicate  a  far  greater  complexity,  and  we  offer  here  some  generalizations  about  the  distribution 
of  mesopelagic  fishes  in  the  equatorial  and  western  parts  of  this  ocean. 

COLLECTING  METHODS  AND  GENERAL  DESCRIPTION  OF  COLLECTIONS 

The  principal  data  come  from  about  290  midwater  collections  made  from  the  Research  Ves¬ 
sels  CHAIN  and  ATLANTIS  II  between  1961  and  1968  along  the  transects  shown  in  Figure  6. 
Most  of  the  collections  were  made  with  the  10-foot  (3.05  m)  Isaac s-KJdd  midwater  trawl 
(IKMT)  (Isaacs  and  Kidd  1953).  The  mouth  of  the  standard  10-foot  KMT  is  about  7.9  mJ ;  the 
bag  is  made  of  63.5-mm  (stretch)  netting,  with  a  12.7 -mm  (stretch)  liner  in  the  rear.  Recently 
we  have  used  nets  that  are  fully  lined,  with  12. 7 -mm  mesh  in  the  forward  part  and  9. 5 -mm  mesh 
in  the  rear  part.  No  adequate  comparison  has  been  made  of  the  relative  “catching  power"  of  the 
two  nets,  but  a  snail  amount  of  data  suggests  that  the  fully  lined  net  catches  two  to  three  times 
as  many  specimens  per  unit  of  effort  as  the  half-lined  net.  In  all  cases  a  one-meter  plankton  net 
with  0.75-mm  openings  has  been  fitted  to  the  cod-end  of  the  trawl.  The  towing  time  per  haul 
has  ranged  from  two  to  four  hours  at  a  speed  of  about  three  knots.  Net  depth  in  most  cases 
was  measured  by  a  time-depth  recorder  (Benthos  Co.)  attached  to  the  trawl,  but  sometimes  it 
was  determined  by  triangulation  (measuring  wire  angle  and  amount  of  wire  out);  the  Utter 
procedure  is  justifiable  with  towing  warps  of  moderate  length  because  the  effect  of  the  KMT 
depressor  is  to  take  the  belly  out  of  the  wire  (Backus  and  Heresy  1956).  Recently,  net  depth 
has  been  controlled  by  means  of  a  telemetering  depth  meter  (Benthos  Co.). 

Most  of  the  samples  have  been  collected  in  the  upper  600  m,  a  few  between  600  m  and 
1000  m.  Daytime  tows  generrOy  have  been  made  at  depths  greater  than  200  m.  Shallower  day¬ 
time  hauls  ca’ch  little  or  nothing,  partly  because  most  mesopelagic  specks  Be  at  greater  depths 
by  day  and  pertly  because  fish  avoid  the  net  when  it  is  weB  (Ruminated  (Pearcy  and  Ltun 
1966).  Night-time  tows  generally  have  been  made  at  depths  duUower  than  300  m  because  many 
of  the  abundant  meeopekgk  specks  migrate  at  sunset  to  depth*  above  this  kvel.  Hauls  at  twi¬ 
light.  when  animals  an  vertically  migrating  rapidly,  generally  have  been  avoided;  when  made, 
the  net  has  been  towed  between  200  m  and  300  m,  near  the  top  of  the  range  of  our  daytime 
tows  and  near  the  bottom  of  the  naqp  of  our  night-time  ooet.  Because  no  opening-doring  de¬ 
vice  has  been  used  on  the  net,  a  haul  may  have  been  contaminated  to  some  extent  with  qidd- 
mns  caught  whfle  the  net  was  being  set  and  hauled  beck.  The  time  consumed  in  setting  and 
retrieving  the  net  has  generally  been  kss  than  20  percent  of  the  total  time  of  the  tow.  The 
depth  distribution  of  tows  made  on  a  representative  cruise  is  town  in  Figure  i. 

In  planning  the  SMupbng,  approximate  depths  of  tow  were  cboasn  so  that  a  few  niccemke 
tows  would  moce  or  bee  cover  the  upper  600m  of  the  water  column  before  the  ship  had 
changed  geographic  location  too  much.  More  refined  sampling  depths  wars  chosen  so  as  to 
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Figure  1.  Sample  of  c  woixtheet  showing  the  distribution  according  to  depth  and 
time  of  day  of  mid  water  trawl  collections  made  on  Chain  Quire  60  and  upon  which 
have  been  plotted  captures  of  the  gonottomatid  PalUehthyt  mmdi.  The  upser  num¬ 
bers  within  the  boxes  are  collection  numbers,  the  lower  ones,  numbers  of  specimens. 


catch  as  much  as  possible.  For  help,  we  used  the  12  kHz  echo-sounder  and  the  bathythermo¬ 
graph  (BT).  During  daylight,  the  net  was  generally  placed  at  some  sound-scattering  maximum 
(in  a  so-called  “deep  scattering  layer’*).  During  the  night,  when  the  animals  sought  are  in  that 
part  of  the  water  column  where  marked  changes  in  temperature  occur  with  depth,  both  the 
echo-sounder  and  the  BT  have  been  used.  Experience  has  shown  t;»»!  sound-scattering  maxima, 
temperature  inversions,  and  the  bottom  of  thenmoclioes  and  surface  isothermal  layers  mark 
planes  of  concentration  of  midwater  Osh, 

A  few  species  of  meaopelagic  fishes  migrate  at  night  to  the  very  tea  surface.  We  have  mainly 
w:ght  these  species  in  neuston  nets  (Bartlett  and  Haedridi  1968).  which  sample  the  upper 
10  cm  or  so.  Generalizations  about  the  distribution  of  nine  queues  (Attrormlhtt  ntger, 
Centrobrtneha  nipoocrlktuj,  Gonkkthyi  coccoi,  Mytfophum  M.  sqpervm,  M.  nitktu 
turn,  M.  abitwroprit,  M.  puncttTum,  and  SymMophonu  vt/rnyf)  are  based  principally  upoo 
maitital  taken  in  about  l  IS  neuston  net  hauls. 

The  ftah  in  each  coBectioo  have  been  sorted  according  to  species  and  identified.  For  each 
species  lot,  the  number  o$  epecam*ra,  ring*  of  standard  lengths,  sad  displacement  volume  have 
been  determined. 

There  is  no  good  estimate  of  the  tEstributton  of  sizes  of  the  fbh  in  the  meaopelagial  It  is 
certain,  however,  that  many  are  huge  enough  to  easily  elude  our  nets.  On  the  other  hand,  it  is 
equally  well  ntsbfahcd  that  many  tnatopdegic  apedes  become  rr.uafiy  mature  at  a  #xe  as  mull 
as  25 -SO  mm  in  standard  length  (see,  f«  instance,  T siting  1918,  Grey  1964,  and  Nafjpakl’tis 
1969).  Thus,  in  spite  of  the  feet  that  most  of  the  fab  that  we  have  captured  are  amaB  (Fig¬ 
ure  2),  adults  and  eubaduiis  of  many  qsedei  are  included,  especially  from  among  the  Abundant 
and  qieckaa  fenriits  Myctophidae  and  Goaostomatidas. 
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Figure  2.  Frequency  distribution  of  the  maximum 
lengths  of  155  species  (tbout  80,000  specimens)  col¬ 
lected  between  Massachusetts  and  the  Azores  on  At¬ 
lantis  II  cruise  13. 


Both  the  number  of  specimens  caught  and  the  displacement  volume  per  unit  of  effort  have 
varied  widely.  Figure  3  shows  some  of  this  variation  in  night-time  collections  end  its  relation  to 
depth  of  tow  and  ocean  region.  The  analysis  of  the  relative  abundance  of  species  to  one  another 
as  a  function  of  region  is  made  difficult  by  the  region-dependent  variation  in  the  total  amount  of 
materia!  caught. 

The  number  of  species  taken  in  a  collection  has  varied  from  fewer  than  10  to  several  dozen. 

If  the  composition  of  a  group  of  collections  from  a  tingle  ocean  region  It  considered,  it  is  seen 
that  only  a  few  species  are  abundant  while  many  are  rare. 

After  excluding  from  our  collections  epipelsgk  specks  and  the  young  of  certain  littoral  and 
be  .thic  specks  that  are  only  temporary  inhabitants  of  the  pekgkl,  about  350  specks  remain  to 
be  considered.  Only  about  80  of  these  hav;  occurred  in  our  collections  with  enough  consistency 
so  that  we  can  remark  upon  their  distribution  with  some  confidence.  Of  these  80,  three  fourths 
belong  to  the  families  Myctophidae  and  CknottomaUdae. 

FAUNAL  BOUNDARIES  AND  FELAGK  REGIONS 

Our  collection*  show  that  tht  10  phykral  boundaries  listed  below  have  significance  as  faunal 
boundaries  for  mesopekgic  fishes.  In  some  cases,  wt  isaimed  that  s  pfcyhcal  boundary  had 
significance  as  a  fsural  boundary  and  then  designed  a  cruise  to  test  the  hypothesis  (especkQy 
numbers  ih  and  v  below).  In  other  earn,  faunal  changes  within  transects  were  noted  onfor  after 
collection  and  study  of  the  data.  In  these,  if  a  fcunal  change  was  correlated  with  a  physical 
change,  the  phykcal  boundary  was  taken  as  the  fauna)  boundary. 

In  order  to  objectively  examine  cnfiectioa  transects  for  fauna)  changes,  we  have  developed  a 
method  of  arulyks  based  upon  the  dfctrfrution  of  the  first  sad  kst  captures  of  specks  within 
the  transect  (Backus  et  jL  1955).  This  method  is  based  upon  the  sfenpk  principle  that  when  a 
faunal  boundary  is  crowed  the  first  collection  la  the  newly  entered  region  haws  a  marked 
increase  in  the  number  of  qpecks  collected  fot  the  first  time  during  that  particular  transect. 
Similarly,  the  last  cofcctiou  made  before  crusting  tbs  boundary  iiowt  e  marked  kcreass  in  the 
number  of  specks  collected  for  the  last  time. 
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Figure  3.  Number  of  specimens  collected  per  hour  in  night-time  collection  in  six 
pelagic  regions  of  the  North  Atlantic  plotted  as  a  function  of  depth.  The  curves 
have  been  fitted  by  eye.  The  broken  lines  indicate  catches  that  came  from  half- 
lined  nets;  these  catches  were  doubled  before  plotting.  The  curve  for  the  Caribbean 
Sea  is  used  as  a  standard  and  is  repeated  as  a  broken  line  in  the  plots  for  the  Gulf 
of  Mexico,  Southern  Sargasso  Sea,  Northern  Sargasso  Sea,  and  the  Slope  Water  and 
Labrador  regions. 


The  following  physical  boundaries  (together  with  the  continental  margin)  mark  off  six  pelagic 
faunal  regions  in  the  western  and  equatorial  North  Atlantic  and  partially  mark  or*  four  other 
such  regions.  The  regions  are  shown  and  named  in  Figure  4.* 

i.  The  boundary  between  the  Labrador-Coastal  Water  to  the  north  and  the  Slope  Water  and 
Eastern  Gyre  to  the  south  and  running  more  or  less  parallel  to  the  continental  margin  westward 
from  the  neighborhood  of  Flemish  Cap  to  the  longitude  cf  central  Nova  Scotia,  where  it  inter¬ 
sects  the  200-m  isobath.  This  boundary  is  set  to  follow  the  200-m  isotherm  for  9°C.  We  follow 
Worthington  (1964)  in  choosing  this  isotherm  and  Schroeder  (1963)  in  drawing  it. 

ii.  The  boundary  between  the  Slope  Water  to  the  north  and  the  Gulf  Stream  and  northern 
Sargasso  Sea  to  the  south.  This  boundary  follows  the  200-m  isotherm  for  156C.  Worthington 
(1964)  is  followed  In  choosing  this  isotherm,  and  Schroeder  (1963)  is  followed  in  drawing  it. 

•The  various  attempts  at  dividing  the  world  ocean  into  regions  have  been  summarized  by  Laevastu  (1963). 

None  of  the  North  Atlantic  schemes  bears  much  resemblance  to  ours. 
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Figure  4.  Pelagic  regions  of  the  western  and  equatorial  North  Atlantic.  The  broken 
lines  indicate  uncertainties  described  in  the  text.  The  names  of  incompletely  bounded 
regions  are  enclosed  in  quotation  marks. 


iii.  The  boundary  between  the  two  North  Atlantic  clockwise  gyres  first  described  by 
Worthington  (1962)-the  southwestern  (Sargasso  Sea)  gyre  with  Bermuda  near  its  center  and 
the  northeastern  gyre.  The  boundary  follows  the  trough  between  the  two  gyres,  running  south¬ 
eastward  from  the  tail  of  the  Grand  Bank  and  connecting  i  and  ii. 

iv.  The  perimeter  of  the  Sargasso  Sea  as  defined  by  the  temperature-salinity  characteristics 
given  by  Worthington  (1959).  This  boundary  is  used  with  ii  to  circumscribe  completely  the 
Sargasso  Sea  and  begins  at  the  junction  of  ii  and  iii,  runs  east  to  about  40°W,  then  south,  south¬ 
west,  and  west  to  end  near  Puerto  Rico. 

v.  The  boundary  corresponding  to  the  area  of  the  so-called  thermal  fronts  (Voorhis  and 
Hersey  1964),  which  may  be  the  same  as  the  North  Atlantic  Subtropical  Convergence  (Katz 
1969);  the  boundary  in  Figure  4  has  been  drawn  as  the  convergence  is  commonly  drawn  follow¬ 
ing  Neumann  and  Pierson  (1966:  425).  This  boundary  divides  the  Sargasso  Sea  into  northern 
and  southern  parts,  the  northern  part  being  in  the  upper  few  hundred  meters  cooler,  less  stable, 
and  more  productive  than  the  southern  part  (Backus  et  ai.  1969). 

vi.  The  boundary  corresponding  to  the  usual  topographic  limits  of  the  Gulf  of  Mexico,  ex¬ 
cept  around  the  western  end  of  Cuba,  where  the  boundary  is  drawn  to  exclude  from  the  Gulf  of 
Mexico  the  region  of  strongest  current.  Because  this  last  part  of  the  boundary  is  not  rigorously 
defined  it  is  drawn  with  a  broken  line. 

vii.  The  boundary  corresponding  to  the  usual  topographic  limits  of  the  Caribbean  Sea. 

viii.  The  boundary  between  the  North  Atlantic  Central  Water  and  South  Atlantic  Central 
Water.  This  boundary  is  set  to  follow  the  200-m  isotherm  for  14°C  (Backus  et  al.  1965)  as 
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drawn  by  Schroeder  (1963).  It  runs  from  „„  coast  of  Africa  at  about  20°N  west-southwestward 
to  the  offing  of  British  Guiana. 

ix.  The  northwestern  boundary  of  the  South  Altantic  Ocean  counterclockwise  gyre  located 
off  Brazil.  This  gyre  is  more  or  less  homologous  with  the  Sargasso  Sea  in  the  Horth  Atlantic. 

This  boundary  is  set  to  follow  the  15°C  isotherm  for  200  m.  The  choice  of  this  isotherm  for 
limiting  the  gyre  is  made  on  the  advice  of  W.  G.  Metcalf  (personal  communication)  and  is  drawn 
following  Wust  and  Defant  (1936). 

x.  A  boundary  running  south  along  the  meridian  30°W  between  boundaries  viii  and  ix.  This 
boundary  is  imprecisely  drawn  for  want  of  information  (and  so  is  shown  by  a  b-oken  line).  It 
is  meant  to  diyide  the  equatorial  Atlantic  into  eastern  and  western  parts,  the  eastern  part  in  the 
upper  levels  of  the  water  column  being  somewhat  cooler  and  fresher  and  having  less  dissolved 
oxygen  than  the  western  part.  These  differences  are  associated  with  upweliing  and  the  resulting 
increase  in  productivity  in  the  waters  off  the  African  coast.  It  is  probable  that  the  difference  in 
productivity  is  ultimately  responsible  for  the  faunal  differences  noted.  The  boundary  shown 
follows  the  chart  of  primary  production  drawn  by  Fleming  and  Laevastu  (1956)  as  modified  by 
Ebeling(1962). 

Although  all  these  boundaries  are  defined  and  drawn  as  lines,  it  must  be  understood  that  they 
are  not  only  broad  ones  due  to  the  great  irregularities  always  found,  but  also  shifting  ones.  Fig¬ 
ure  4  depicts  an  average  situation,  then,  and  a  certain  set  of  geographic  coordinates  may  lie 
within  one  region  on  one  occasion  and  within  a  second  on  another  occasion. 

DISTRIBUTION  PATTERNS 

Figure?  6-17  are  range  maps  exemplifying  the  North  Atlantic  distribution  patterns  noted  so 
far.  Each  pattern  results  from  the  occurrence  of  species  in  a  certain  set  of  pelagic  regions.  The 
patterns  noted  and  the  assignment  of  species  to  them  are  based  solely  upon  our  own  data. 
Seventy-eight  species  have  been  assigned  a  distribution  pattern.  Naturally,  we  are  more  confi¬ 
dent  of  some  of  these  assignments  than  of  others.  Therefore,  we  have  used  a  question  marie  to 
distinguish  those  species  about  which  we  feel  less  sure.  In  the  few  cases  in  which  published  data 
have  argued  against  an  interpretation  that  we  would  have  made  from  our  own  data,  we  have 
dropped  the  species  in  question  from  present  consideration. 

A  map  showing  the  occurrence  of  a  species  is  useful  only  if  it  shows  the  distribution  of  the 
effort  leading  to  the  taking  of  the  species;  that  is,  such  a  map  not  only  must  show  where  a 
species  was  taken,  but  also,  as  far  as  possible,  show  where  it  might  have  been  taken  but  was  not. 
Our  maps  have  been  prepared  in  the  following  way:  for  each  species,  the  number  of  specimens 
taken  has  been  plotted,  collection  by  collection,  on  work  sheets  that  show  the  depth  and  time 
of  day  of  the  collections  (Figure  1).  From  such  plots  the  daytime  and  night-tirne  depth  limits 
of  species  as  they  occur  in  our  collections  have  been  established.  Collections  falling  outside  a 
species’  depth  limits  have  been  considered  everywhere  inappropriate  for  taking  that  specks, 
while  collections  falling  inside  a  specks’  depth  limits  have  been  considered  everywhere  appro¬ 
priate  for  taking  a  species  even  if  specimens  of  that  species  were  not  actually  caught  in  these  col¬ 
lections.  In  Figures  6-17,  collections  deemed  appropriate  for  taking  a  specks,  but  which  actu¬ 
ally  contained  none,  are  represented  by  open  circles;  collections  that  contained  specimens  are 
entered  as  dots,  with  the  number  of  specimens  taken  entered  alongside  each  dot.  The  hazard 
attached  to  this  procedure  is  the  possibility  that  a  species  may  have  different  depth  limits  in  dif¬ 
ferent  parts  of  the  ocean.  An  exampk  is  found  in  the  phenomenon  of  tropical  submergence, 
whereby  certain  animals  living  in  nearsurface  waters  in  far-northern  seas  are  found  in  the  tropks 
deep  in  the  water  column  at  the  level  of  the  appropriate  temperature.  However,  the  mesope- 
lagic  fishes  that  we  have  sampled  well  are  mainly  diurnal  vertical  migrators  that  come  into  the 
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epipelagial  by  night.  We  have  noted  only  small  changes  in  the  vertical  distribution  of  such 
species  from  one  region  of  the  ocean  to  another-changes  inefficient  to  cause  us  to  catch  a 
species  in  one  region  but  to  miss  it  in  another  from  want  of  sampling  over  a  sufficiently  wide 
range  of  depths.  Figure  5,  for  instance,  shows  that  PolUchihys  mauli  was  not  simply  overlooked 
in  the  Amazonian  and  Lesser  Antillean  regions  through  our  failure  to  sample  at  the  correct 
temperature. 


a  h  so  »  so 

NET  TEMPERATURE -*C 


Figure  5.  Temperature  versus  depth  for  collections  including 
Pollichthys  mauli  (solid  dots)  and  for  collections  over  a 
similar  range  of  depths  in  pelagic  regions  where  P.  mauli 
does  not  occur  (triangles) 


The  tropical  distribution  is  exemplified  by  the  distribution  of  Gonostoma  atlanticum  (Fig* 
u:e  6).  A  tropical  sprees  is  defined  as  one  that  regularly  lives  in  the  Guinean,  Amazonian,  and 
Lesser  Antillean  regions  tad  in  the  Caribbean  Sea  and  Gulf  of  Mexico.  Such  a  species  is  mainly 
absent  from  the  Northern  and  Southern  Sargasso  seas,  although  it  can  be  found  hi  small  num¬ 
bers  in  the  northern  part  of  the  Northern  Sargasso  Sea,  in  the  Slope  Water  Region,  and  even  be* 
yond  the  tail  of  the  Grand  Bank  in  the  Eastern  Gyre.  It  is  presumed  that  such  specimens  are 
waifs,  carried  north  to  these  places  by  die  Gulf  Stream.  As  a  nils,  a  tropical  species  is  more 
abundant  in  the  Caribbean  Sea  than  it  is  in  the  Gulf  of  Mexico.  So  far,  22  species  have  been  as¬ 
signed  to  the  tropical  pattern.  These  are  the  myctophids  Diaphus  brachyctphahu,  D.  dumeriH, 
D,  fragiUs,  D.  htcidus,  D.  laetkeni,  D.  problematical,  D.  spkndidus,  D.  tubtiUs,  Hygophum 
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Figure  6.  Distribution  of  Gonoitoma  atlanticum  showing  the  tropical  pattern.  The 
numbers  next  to  the  solid  dots  show  the  number  of  specimens  taken;  these  oum* 
b  rs  have  not  been  adjusted  for  variations  in  collection  duration  or  for  variations 
in  net  construction.  A  circle  indicates  that  no  specimens  were  taken  in  a  collection 
at  a  depth  deemed  appropriate. 

macrochir?,  Lampanyctus  alatus,  Lampodena  htminosa,  Lepido phones  gueniheri,  L.  supra- 
lateralis?,  Myctophum  affine,  M.  asperum,  and  M.  obtusbostris,  the  gonostomatids  Gonostoma 
atlanticum,  G.  elongatum?  and  Vindguerria  nimbarta?,  and  the  stomiatolds  Astronesthes 
richardsoni,  BathophUus  pawned,  and  Stomias  affbiis. 

The  broadly  tropical  pattern  is  exemplified  by  the  distribution  of  Ceratoscopehm  wamtngi* 
(Figure  7).  A  broadly  tropical  species  lives  in  the  same  regions  where  a  tropical  species  lives  but 
also  occurs  regularly  in  the  Northern  and  Southern  Sargasso  seas  and  in  the  Slope  Water  Region. 
Small  numbers  are  found  just  beyond  the  tail  of  the  Grand  Bank  in  the  Eastern  Gyre.  As  a  role, 
a  broadly  tropical  species  is  more  abundant  in  the  Gulf  of  Mexico  than  it  is  in  die  Caribbean  Sea 
(the  converse  being  true  for  tropical  species).  To  date,  nine  species  have  been  assigned  to  the 
broadly  tropical  pattern.  These  are  the  myctophids  Benthosema  suborbltak,  Centrobranchus 
nigrooctllatus?,  Ceratoscopdus  warmingi,  Diaphus  mollis,  Myctophum  nitklulum,  sndNotosco- 
pelus  rtspkndens;  also  Argytopelecus  sladeni?,  Dtplosptnus  multistrktus,  and  Lestidiops  afftnis? 

The  gonostomsdd  PoOichthys  maud  has  an  interesting  range  (Figure  8).  It  is  distributed  ac¬ 
cording  to  the  broadly  tropical  pattern  except  that,  though  present  in  the  Guinean  Region,  it  is 
wholly  wanting  in  the  Amazonian  Region.  We  have  also  found?,  maud  In  the  western  South 
Atlantic,  between  about  23°S  and  the  Subtropical  Convergence  in  the  offing  of  the  Rio  de 
la  Plata.  The  range  of  CoccoreOa  strata  may  be  similar  to  that  of  ?.  maid. 

•North  Atlantic  qpecims&s  of  this  spades  have  gsneMBy  been  called  C  towimndl  (Eigmmann  and  Eigen- 
mann).  See  Nsfpektiti*  sad  Nafpaktith  (1969). 
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Four  other  warm-water  distribution  patterns  are  evident,  but  none  has  hsd  many  species 
assigned  to  it.  The  range  of  Lepidophanes  gaussi  exemplifies  the  Sargasso  Sea  pattern  (Figure  9). 
Such  a  species  mainly  occurs  in  our  Northern  and  Southern  Sargasso  Sea  collections.  It  has  also 
been  found  in  meagre  numbers  in  the  northern  part  of  the  Caribbean  Sea,  into  which  Sargasso 
Sea  water  spills  via  the  Windward  Passage  (Worthington  1959).  It  is  probable,  however,  that 
none  of  the  five  species  assigned  to  this  pattern  (the  myctophids  Diaphus  effulgent  and  Lepi¬ 
dophanes  gaussi,  and  the  stomiatoids  Chauliodus  dame,  Eustomias  obscurus?,  and  Idiacanthus 
fasciola?)  finds  its  eastern  limit  at  the  edge  of  the  Sargasso  Sea  as  here  defined,,  C.  dome  and 
L.  gaussi,  for  instance,  are  among  a  list  of  eight  “commoner"  species  found  at  30°N,  22°W 
(Harrisson  1967).  It  is  possible  that  fishes  having  this  distribution  pattern  are  adapted  for  living 
in  the  central  least-productive  regions  of  the  North  Atlantic,  of  which  the  Sargasso  Sea  forms 
but  a  part.  Diaphus  effulgent,  C  dame,  and  L.  gaussi  are  also  found  in  the  South  Atlantic 
Ocean  in  the  unproductive  gyre  off  central  Brazil. 


Figure  9.  Distribution  of  Lepidopktiut  fmuM,  showing  the  Sergcuto  Set  pattern 


Diaphus  garmani  (Figure  10)  and  D.  ehicens  appear  to  be  restricted  to  the  Caribbean  Sea  and 
Amazonian  Region.  Diaphus  tamophUus  (Figure  1  \),Attronesthes  stmiHs,  and  Cubiceps 
athenae  are  found  mainly  in  the  Caribbean  Sea  and  Gulf  of  Mexico.  Diaphus  \anhoeffeni  (Fig¬ 
ure  12)  and  ChauHodus  schmidti  occur  only  in  our  collections  from  the  Guinein  Region. 

The  essentially  warm-water  species,  then,  number  45  and  are  distributed  according  to  seven 
patterns. 

Twenty-two  species  have  northern  ranges.  It  is  obvious  that  the  spades  included  are  distrib¬ 
uted  according  to  several  patterns,  but  it  is  not  postible  to  describe  these  patterns  because  so 
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Figure  12.  Capture*  of  Dkphu  rcnkotfftnl,  a  (pack*  frequenting  the  North  At¬ 
lantic  only  in  the  Guinean  Regina.  Qrdre  Indira  ting  “no  specimens"  ham  not 
been  used,  because  the  amount  of  positive  data  la  conaidaied  to  be  tooamaU  for 
setting  reasonable  depth  limits  for  the  spedes. 


little  is  known  about  the  northern  and  southern  limit!  of  theae  northern  gpecies  in  the  eastern 
North  Atlantic.  AD  are  widespread  in  European  seas  (Bolin  1959),  and  all,  with  two  or  three 
exceptions,  are  found  in  the  Mediterranean  Sea  (Taning  1918).  Theae  species  can  be  tentatively 
arranged  fa)  three  groups  according  to  the  southern  limit  of  their  ranges  in  the  western  North 
Atlantic. 

One  group,  exemplified  by  Ceratotcopeku  medewuts  (Figure  13),  firde  its  southern  limit  at 
the  Gulf  Stream  edge.  This  group  includes  the  myctophids  Bauhomm  glaciate,  Ceratoxoptku 
medmftsit,  Dtaphus  metopockmpm,  Dtaphus  nflnetquei,  Hkropt  tscttc  ,  Myctophm  pwtcUh 
non,  Notoaoopehu  ksoyeri,  and  Symbobphonu  rermyi,  and  the  partlepkljd  Notokpit  rtssoi 

A  second  group  finds  its  southern  limit  in  the  west  at  the  boundary  between  Northern  and 
Southern  Sargaaso  seas.  This  group  includes  the  myctophids  L  ampeJme  duaeet?,  Lampmyctus 
crocodOus,  L  pusiiktt,  and  Lobimtchk  dofkW,  and  the  stocdatoids  BathopkOus  mmBkut  and 
Stomku  boat  (Fig.  14). 

Species  in  the  third  group  find  their  southern  limit  in  the  Gulf  of  Mexico  although  they  are 
mainly  absent  from  the  Southern  Sargism  Set.  The  group  ir  dudes  the  myctophids  Gonkhthyt 
coccoi*,  Hygophum  benoiti,  and  H.  kygomi,  the  gonostomstMi MamroBcm  mutBari,  Vfmjgmr- 
rit  attenuate,  snd  V.  pcwtriee,  and  the  stomiatoid  Astrcmettfm  itlger? 

Spade*  of  the  first  group  tend  to  be  endemic  to  the  North  Atlantic,  spedes  of  the  aaoond 
group  tend  to  be  biantitropical,  and  spedes  of  the  third  group  tend  to  nmge  across  the  equator 
in  the  eastern  Atlantic  into  the  southern  hemisphere.  Because  spedes  of  the  bit  group  can  be 
wiifed  into  the  Amazonian  Region  by  the  westward-flowing  South  Equatotbl  Current,  it  may 
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appear  that  such  specks  are  absent  in  the  North  Atlantic  only  from  the  Caribbean  and  Southern 
Sargasso  seas. 

The  distribution  of  Notoiychnus  vaktfviae  (Fig  1 5)  Is  representative  of  a  group  of  seven  wide- 
spread  species  that  includes  the  myctophks  Dialer  'hthyi  adartticut,  LobUmchia  gcmeliart,  and 
Notoiychnus  valdMae ,  the  gonostomatWs  Poncpertk  pcdaUoic,  Ichch ycrorcus  ovatxu,  and 
Valenciennelhis  tribune tulatus,  and  the  neraoptychid  Argyropclecus  itemigsmms.  These  species 
have  been  found  wherever  we  have  collected.  It  is  dear,  however,  that  they  are  not  ubiquitous 
in  the  North  Atlantic,  for  some,  if  net  all,  have  northern  or  eastern  limits.  Furthermore,  certain 
ones  inhabit  the  Mediterranean  S*'a  while  others  do  not,  :o  that  the  aaignment  of  these  species 
to  two  or  more  distribution  patterns  at  some  time  in  the  future  is  assured. 


Fipu*  IS.  Distribution  of  Notofych***  nUbim,  *  speofes 


A  few  apetiet  occur  only  in  our  few  eastern  collect  . on*  We  cm  stay  very  tittle  about  their 
distribution.  Several  patterns  are  involved.  Ditphu*  Haiti  (Fig  16),  for  instance,  is  prfcripa 8> 
an  inhabitant  of  the  northeastern  Atlantic  and  range*  south  along  the  west  coast  of  Africa  to 
about  5*N,  but  not  apparently  beyond  (Nafpak  litis  i?S9).  Ekttrom  rtmi  (Fig.  17),  on  the 
other  hand,  crown  the  equator  and  it  add  to  occur  *5  stong  the  wear  coast  of  Africa  to  the  Cape 
of  Good  Hope  (Boti  1759).  Other  specks  occurring  only  in  our  eastern  coUecttaa  are  Gone- 
storm  demtdtrum  and  Argyroptkcus  oiftni. 


CONCLUDING  MMAltKS 

From  the  variety  of  overlapping  distribution  net  tame,  it  fotiows  that  each  pelagic  npoe  ia 
faututily  distinct  with  tu  characteristic  iwembi^e  of  gecier  whose  numbers  are  in  characteristic 
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proportion,  its  characteristic  diversity,  and  so  on,  A  few  inter-regional  comparisons  are  pre¬ 
sented  in  Tables  I  and  II. 

Tentatively,  we  can  divide  that  portion  of  the  North  Atlantic  with  which  we  are  familiar  into 
a  tropical  part  (Gulf  of  Mexico,  Caribbean  Sea,  and  Amazonian,  Lesser  Antillean,  and  Guinean 
regions)  and  a  northern  part  (North  of  35  °N  or  40°N),  with  the  two  parts  separated  by  a  wide 
transition  region,  the  Sargasso  Sea.  The  Sargasso  Sea  itself  is  divisible  into  a  cooler  and  more 
productive  northern  part,  having  a  mixture  of  northern  and  tropical  species,  and  a  warmer  and 
less  productive  southern  part,  in  which  a  few  mainly  tropical  species  live. 


Table  I,  Some  properties  of  shallow  (<200-m)  night-time  collections  according  to  re¬ 
gion  of  origin.  The  number  in  parentheses  is  the  number  of  collections  entering  each 
sample. 


Pelagic  region 

No.  of 
species 

Specimens 
per  hour 

CC 

per  hour 

Diversity 

index 

(«) 

Labrador  (4)  . . 

56 

2804 

687 

.71 

Slope  Water  (5)  . 

87 

378 

74 

2.67 

Eastern  Gyre  (10)  . 

70 

380 

61 

1.48 

Northern  Sargasso  Sea  (13) . 

98 

149 

35 

3.08 

Southern  Sargasso  Sea  (7) . 

55 

42 

15 

2.62 

Gulf  of  Mexico  (8)  . 

127 

260 

95 

2.92 

Caribbean  Sea  (20) . 

153 

171 

58 

3.35 

Lesser  Antillean  (6) . 

67 

97 

55 

3.00 

Amazonian  (13)  . 

91 

223 

72 

2.86 

Guinean  (8) . 

I0i 

485 

— 

2.65 

So  far  as  the  ecology  of  species  goes,  the  distribution  pattern  is  of  first  importance,  and  the 
principal  question  is  why  a  given  species  is  distributed  in  the  way  that  it  is.  So  far  as  community 
ecology  goes,  the  pelagic  region  is  of  first  importance,  and  we  may  ask  why  a  certain  region  sup¬ 
ports  the  complex  of  species  that  it  does.  We  hope  that  information  about  the  distribution  and 
life  histories  of  North  Atlantic  mesopelagic  organisms  will  some  day  be  adequate  for  answering 
these  questions. 
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Table  II.  Principal  spec:  *  in  shallow  (<200*m)  night-time  collections  by  pelagic  region.  The  numbers  in  the  first  column  under  each 
region  show  the  abundance  rank  within  the  region.  The  italic  numbers  in  the  second  column  under  each  region  show  the  percentage  of 
the  total  number  of  specimens  in  the  region’s  collections  that  the  species  comprises.  The  species  included  are  all  of  those  having  an 


DISTRIBUTION  OF  MESOPELAGIC  FISHES 


37 


N  *  Northern.  W  »  Widespread,  Bt  =  Broad !y  tropical.  Sc  »  Special  case,  SS  *  Sargasso  Sea,  T  «  Tropical,  G  ’  Guinean.  Question  mark,  when  standing  atone,  indicates 
that  it  has  not  been  possible  to  atagn  the  species  in  question  to  s  pattern;  when  following  a  pattern  symbol,  the  assignment  it  questionable. 
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DISCUSSION 

Dunbar:  One  of  my  students  has  just  finished  a  piece  of  work  on  the  Cladocera,  based  mainly  on 
the  Edinburgh  Oceanographic  Lab  collections  with  the  plankton  recorder.  We  find  that  their  dis¬ 
tribution  and  annual  dispersal  fit  in  extremely  well  with  this  gyre  system  of  yours.  They  come  out 
each  season  from  the  eastern  part  of  the  Atlantic,  and  stop  at  this  trough.  A  little  bit  later  they 
appear  from  the  western  side  and  go  east,  and  they  stop  at  that  trough.  Furthermore,  there  is  a 
distinct  barrier,  apparently,  between  the  northeastern  trough  and  the  Labrador  Sea  trough  because 
the  two  populations  that  we  find  in  the  west  Greenland  area  and  the  northeast  Atlantic  do  not 
appear  to  coalesce  at  all. 

Cohen:  Could  you  te>l  us  anything  about  your  rationale  for  choosing  these  sampling  depths? 

Backus:  Many  midwater  biological  sampling  programs  are  based  on  a  rigid  schedule  of  sampling 
depths.  This  has  never  made  sense  to  me  because  the  physical  characteristics  of  the  ocean  change 
from  place  to  place  as  a  function  of  depth.  That  is,  the  only  physical  characteristic  held  approxi¬ 
mately  constant  by  sampling  for  hours  at  the  same  depth  as  one  goes  from  one  geographic  loca¬ 
tion  to  another  is  pressure,  and  pressure  is  of  small  significance  compared  with  temperature,  light, 
dissolved  oxygen,  and  so  on.  We  tried  to  sample  at  a  variety  of  depths  before  the  ship  changes 
location  too  much;  we  tried  to  sample  at  depths  where  we  know  there  are  concentrations  of  mid- 
water  organisms.  We  have  used  the  echosounder  for  guidance  in  this,  so  our  sampling  has  a  strong 
bias  in  the  direction  of  sound  scatterers.  At  night  when  the  organisms  to  be  sampled  are  in  the 
upper  part  of  the  water  column,  we  have  been  guided  by  the  bathythermograph,  that  is,  the 
bottoms  of  isothermal  layers  or  the  bottoms  of  thermoclines,  levels  of  temperature  inversion  - 
all  seem  to  be  planes  of  concentration  of  midwater  organisms.  Indeed,  these  often  coincide  with 
maxima  of  sound  scattering  on  the  echosounder  recorder,  and  it  is  at  these  depths  we  have 
sampled  in  an  attempt  to  collect  as  much  material  as  possible.  It  all  sounds  very  shaky,  but  1 
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think  that  the  proof  of  the  pudding  is  in  the  eating,  in  the  fact  that  we  have  coherent  inter¬ 
pretable  results  for  at  least  eighty  species  of  midwater  fishes.  This  indicates  that  there  is  some 
value  in  this  way  of  going  about  the  sampling. 

Mitchell:  Literature  indicates  that  the  distribution  of  delphinid  cetaceans  also  accords  reasonably 
well  with  your  faunal  provinces,  if  you  call  them  that,  and  my  observations  in  the  last  four  years 
in  the  central  and  western  Atlantic,  from  the  Equator  to  the  Arctic,  confirms  that  at  least  ten 
species  of  Lagenorhynchus,  Delphinus,  and  many  other  delphinids,  fit  very  well.  In  fact,  this  is 
the  first  clear  indication  that  Stenella  caeruleoalba,  a  striped  porpoise  that  occurs  up  around 
Icelandic  waters  and  also  in  the  Caribbean,  may  follow  very  nicely  one  of  your  provinces. 
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ABSTRACT 

Measurements  of  the  intensity  and  spectral  distribution  of  natural  light  cs  ii  enters  the 
sea,  as  it  penetrates  to  various  depths,  and  as  it  is  backscattered  upward  and  out  through 
the  surface  are  reviewed.  Changes  in  the  spectrum  caused  by  biological  products,  es¬ 
pecially  chlorophyll,  can  be  detected  both  beneath  the  surface  and  above  it  to  attitudes 
of  at  least  10,000  feet.  The  conditions  of  light  at  increasing  depths  are  compared  with 
the  thresholds  for  important  biological  processes,  including  photosynthesis,  color  detection, 
phototaxis,  vision,  and  bioluminescence.  The  relations  of  the  foregoing  to  the  control  of 
the  diurnal  vertical  migrations  of  animals  are  discussed. 


The  penetration  of  sunlight  into  the  sea  is  of  fundamental  importance  bcca*ise  it  provides 
the  energy,  directly  or  indirectly,  for  the  growth  of  all  living  things  in  the  ocean.  Further¬ 
more,  light  exerts  control  over  the  vertical  distribution,  migration,  and  behavior  of  many 
marine  animals,  including  those  that  produce  or  scatter  sound.  Therefore,  a  review  of  our 
knowledge  of  the  conditions  of  the  light  in  the  sea  and  its  changes  with  time  and  with  depth 
forms  a  desirable  background  for  a  consideration  of  biological  sound  scattering  in  the  ocean. 

When  light  from  the  sun  and  sky  falls  upon  the  sea,  a  small  percentage  of  it  is  reflected 
from  the  water  surface  itself.  Most  of  the  light,  however,  enters  the  sea,  and  the  rays  are 
refracted  toward  the  vertical  in  the  denser  water  medium.  Beneath,  the  surface,  the  light  is 
absorbed  and  scattered  by  the  water  itself  and  by  dissolved  and  particulate  matter  in  the 
water,  both  living  and  nonliving.  The  rate  at  which  the  light  is  attenuated  by  the  combined 
action  of  scattering  and  absorption  is  very  different  in  different  parts  of  the  spectrum.  The 
infrared  and  the  far  ultraviolet  are  absorbed  very  rapidly  so  that  they  are  detectable  only  in 
the  upper  few  meters.  The  red,  the  yellow,  and  the  near  ultraviolet  penetrate  more  effec¬ 
tively,  but  not  as  effectively  as  the  center  of  the  spectrum.  In  the  clearest  ocean  water,  blue 
light  is  attenuated  at  the  lowest  rate,  with  the  result  that,  below  a  depth  of  20  or  30  m,  al¬ 
most  all  the  energy  is  contained  in  this  part  of  the  spectrum.  In  waters  that  are  less  trans¬ 
parent,  particularly  if  phytoplankton  is  abundant,  the  green  part  of  the  spectrum  is  the  most 
penetrating. 
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If  a  spectrometer  is  placed  in  a  watertight  case  with  its  receiving  window  directed  upwards, 
the  change  in  the  spectrum  of  the  ambient  light  at  increasing  depths  can  be  measured.  At  the 
surface,  the  incident  radiation  from  the  sun  and  sky  has  its  maximum  intensity  at  a  wavelength 
of  about  495  nm.  As  the  tight  penetrates  the  dearest  ocean  water,  found  particularly  in 
tropical  seas  under  most  circumstances,  the  ends  of  the  spectrum  are  rapidly  reduced,  and 
the  maximum  intensity  moves  to  a  wavelength  of  about  475  nm  because  that  is  the  region  of 
greatest  transparency  for  pure  water  (Jerlov,  1968).  In  the  temperate  and  polar  seas  and  in 
coastal  waters,  the  spectral  region  of  greatest  intensity  moves  toward  the  longer  wavelengths, 
commonly  coming  to  lie  between  500  and  560  nm. 

For  the  reactions  of  animals  of  the  plankton  and  nekton,  differences  in  the  spectral  dis¬ 
tribution  of  the  light  at  any  one  place  are  probably  unimportant  at  depths  greater  than  30  m 
in  the  clearest  water  and  at  lesser  depths  in  more  turbid  water,  since  the  wavelength  of 
greatest  intensity  is  established  within  a  relatively  few  meters  and  remains  unchanged  at 
greater  depths  in  most  instances  (Smith  and  Tyler,  1967;  Tyler  and  Smith,  1967;  Jerlov,  1968). 
Except  in  localities  in  which  a  significant  change  in  spectral  distribution  occurs  at  the  depths 
at  which  the  animals  are  migrating,  measurements  may  be  used  that  are  made  with  a  photom¬ 
eter  sensitive  to  the  whole  of  the  visible  spectrum.  Using  a  photometer  containing  a  photo¬ 
multiplier  tube,  we  have  been  able  to  make  direct  measurements  in  many  parts  of  the  world 
ocean  of  the  ambient  light  for  almost  the  entire  range  of  intensities  to  which  any  living  thing 
can  respond. 

A  summary  of  our  findings  in  relation  to  biological  thresholds  is  presented  in  Figure  1 
(Clarke  and  Denton,  1962;  Clarke,  1968).  Two  heavy  lines  indicate  the  rates  of  light 
attenuation  with  depth  for  the  clearest  ocean  water  and  for  clear  coastal  water,  respectively. 

The  intensity  of  nun  plus  skylight  incident  upon  the  sea’s  surface  in  the  middle  of  the  day  in 
the  tropical  regions  or  in  the  temperate  zones  in  the  summer  is  between  104  and  105/iw/cm2. 

The  surface  values  for  full  moon  and  for  the  clear  night  sky  are  indicated.  A  heavy  cloud 
cover  can  reduce  the  incident  light  to  about  10  percent  of  that  under  clear  conditions.  The 
approximate  intensity  of  the  upward-scattered  light  is  indicated  in  the  case  of  the  curve  for 
the  clearest  ocean  water. 

The  vertical  dotted  lines  in  Figure  1  show  the  depths  at  which  biological  thresholds  of 
importance  would  be  found  in  *he  clearest  ocean  water  and  in  coastal  water  under  conditions 
of  maximum  surface  irradiation.  The  depths  at  which  the  same  thresholds  would  occur  in 
the  clearest  ocean  water  under  conditions  of  full  moonlight,  clear  night  sky,  and  cloudy  night 
sky  are  also  shown.  The  possibility  of  an  animal  reacting  to  the  upwelling  light  under  the 
various  circumstances  also  can  be  deduced  from  the  diagram.  The  growth  of  green  plants,  as 
represented  in  the  open  sea  by  the  phytoplankton,  is  seen  to  be  limited  to  a  depth  of  about 
150  m  under  the  very  best  conditions  and  is  reduced  sharply  in  the  less  transparent  coastal 
water.  Color  vision  would  be  possible  for  animals  whose  color  sensitivity  is  the  same  as  ours 
at  depths  as  great  as  500  m  in  the  clearest  water,  but  only  to  100  m,  or  so,  in  coastal  waters 
(Clarke  and  Denton,  1962).  An  intensity  of  light  found  just  sufficient  to  cause  the  positive 
phototaxis  of  a  pelagic  crustacean  (Nicol,  1959)  is  shown  as  occurring  at  about  650  m  in 
the  clearest  water  and  170  m  in  coastal  water  during  the  day  time,  but  could  occur  at  depths 
of  over  200  m  at  night  with  a  full  moon  or  at  about  70  m  under  starlight  in  the  clearest  ocean 
water. 

The  minimum  depth  at  which  an  animal  could  see  a  small  object  or  could  tell  the  difference 
between  day  and  night  is  of  particular  interest  in  relation  to  the  ability  to  feed  or  to  recognize 
friends  and  foes.  The  maximum  depth  at  which  animals  could  respond  to  broad-field  differences 
in  light  has  an  important  application  in  relation  to  the  control  of  diurnal  vertical  migration. 
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Figure  1.  Schematic  diagram  to  show  the  penetration  of  sunlight  into  the  clearest  ocean 
water  (k  -  0.033)  and  into  clear  coastal  water  ( k  ■  0.15)  in  relation  to  minimum  intensity 
values  for  the  vision  of  man  and  of  certain  deep-sea  fishes.  The  approximate  minimum 
values  for  the  attraction  of  Crustacea,  color  vision  in  man,  and  far  phytoplankton  growth  are 
indicated,  as  well  as  the  range  of  intensity  of  bioluminescence  in  the  sea.  Curves  are  given 
for  the  penetration  of  light  from  the  full  moon  and  from  the  moonless  night  sky,  when  clear 
and  when  cloudy.  A  curve  is  also  given  for  the  approximate  value  of  upward  scattered 
sunlight  (U).  These  curves  are  all  for  the  clearest  ocean  water  (Clarke,  1968). 


Our  most  accurate  information  comes  from  tests  on  the  human  eye  (Clarke  &  Denton,  1962). 
The  threshold  of  illumination  at  which  man  could  tell  the  difference  between  day  and  night 
would  occur  at  a  depth  of  about  860  m  in  the  clearest  water.  The  maximum  depth  at  which 
light  was  directly  measured  by  the  photometer  was  950  m;  but  because  the  optical  proper¬ 
ties  of  deep  water  are  extremely  uniform,  it  is  safe  to  extrapolate  the  curve  as  has  been  done 
in  the  diagram.  From  anatomical  and  physiological  considerations,  it  is  believed  that  the  eye 
of  the  deep-sea  fish  is  probably  about  100  times  more  sensitive  than  that  of  man  (Clarke  and 
Denton,  1962).  If  this  be  true,  a  deep-sea  fish  could  probably  tell  the  difference  between  day 
and  night  at  a  depth  of  1 ,000  m  in  the  clearest  ocean  water  and  could  detect  the  light  of  the 
full  moon  at  about  600  m.  Even  under  the  conditions  of  a  cloudy  night  sky,  the  deep-sea  fish 
could  probably  sense  the  light  penetrating  from  the  surface  at  a  depth  of  over  300  m.  The 
threshold  intensity  at  which  the  human  eye  can  detect  a  small  source  of  light  is  indicated  as 
about  10“ i0  pw/cm*  (Clarke  &  Denton,  1962).  Thus,  probably  both  man  and  the  deepeea 
fish  could  recognize  small  objects  at  depths  slightly  greater  than  1 ,000  m  under  ideal  condi¬ 
tions,  if  the  objects  reflected  or  emitted  light  of  this  intensity  or  if  they  were  effectively 
silhouetted. 
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The  maximum  intensity  of  flashes  of  bioluminescence  has  been  measured  and  found  to  be 
10“2  /iw/cm3  (Clarke  and  Denton,  1962),  and  this  light  level  is  indicated  on  the  diagram. 

We  can  see  that  the  intensity  of  luminescent  flashes  would  be  above  that  of  the  ambient  light 
penetrating  from  the  surface  at  depths  greater  than  500  m  during  the  middle  of  a  day  in 
clearest  water  and  greater  than  100  m  in  coastal  waters.  The  intensity  of  the  brightest 
luminescence  would  be  exceeded  by  the  light  penetrating  from  the  full  moon  only  at  depths 
less  than  about  80  m  in  the  clearest  waters.  At  night  without  moonlight,  bioluminescence  is 
capable  of  exceeding  the  intensity  of  the  ambient  light  at  all  depths,  even  including  the  sur¬ 
face  waters  (Clarke  &  Denton,  1962). 

The  diurnal  vertical  migrations  of  animals  in  the  r»a  may  now  be  considered  in  relation  to 
the  conditions  of  light  just  reviewed.  The  fact  that  the  migrations  recur  with  a  daily  periodicity 
shows  that  the  fundamental  timing  must  be  on  a  day-night  basis;  therefore,  it  generally  is 
agreed  that  they  must  be  controlled  primarily  by  light.  The  manner  in  which  light  acts,  how¬ 
ever,  long  has  been  a  matter  of  disagreement.  Early  workers  developed  the  theory  that  each 
population  followed  its  own  optimum  light  intensity  as  the  isolumes  moved  toward  the  sur¬ 
face  in  the  evening  (as  discussed  by  Clarke  (1932)  and  by  Nicholls  (1933)).  At  night,  when 
light  fell  below  a  threshold  level,  the  animals  moved  downward.  In  the  early  morning  they 
swam  upward  again  toward  their  optimum  illumination  and  then  followed  this  downward  to 
their  noon  depths,  the  actual  value  of  which  was  modified  by  the  season  and  the  transparency 
of  the  water.  This  theory  is  illustrated  in  Figure  2,  based  on  work  of  Nicholls  (1933),  which 
lias  been  supported  by  later  workers.  The  movements  of  deep  scattering  layers  in  some  in¬ 
stances  also  seemed  to  follow  certain  isolumes,  as  shown,  for  example,  by  the  observations  of 
Boden  and  Kampa  (1967). 

Alternative  theories  propose  that  migrations  are  controlled  by  more  complicated  responses 
to  the  ambient  light,  sometimes  with  further  modification  resulting  from  other  environmental 
factors,  such  as  temperature  or  food  (Banse,  1964).  Chief  among  these  is  the  theory  that  it  is 
the  change  in  light  intensity,  particularly  a  charae  above  a  certain  rate,  that  acts  as  the  stimulus 
that  initiates  this  migration.  Animals  may  undergo  light  adaptation  or  dark  adaptation  during 
the  course  of  the  day  and  night  to  alter  the  absolute  intensity  of  the  light  at  which  the  change  is 
effective  (Clarke,  1932).  There  are,  however,  usually  upper  and  lower  intensity  limits,  and  the 
changes  may  be  effective  around  a  favored  intensity  that  is  optimal  for  each  species.  In  most 
of  the  studies  in  which  light  has  been  measured,  the  position  of  each  population  is  related  to  a 
particular  isolume;  but  during  periods  of  rapid  light  change,  the  animals  are  stimulated  to  swim 
vertically  faster  (or  sometimes  slower)  than  the  movement  of  the  isolume,  as  illustrated  in 
Figures  3  and  4  (from  Clarke  and  Backus,  1964). 

Many  other  investigations  of  diurnal  migrations,  either  in  the  field  or  in  the  laboratory,  have 
been  conducted  and  have  been  related  to  one  or  another  of  the  foregoing  theories.  The  more 
recent  reports  include  the  following:  Banse  (1964),  Barham  (1966),  Boden  et  al.  (1969), 
McNaught  (1968),  and  Ringleberg  it  al.  (1967).  The  studies  show  the  paramount  importance 
of  light  as  a  controlling  factor.  They  also  indicate  how  the  vertical  movement  of  Urge  popula¬ 
tions  may  cause  changes  in  prey-predator  reUtions  and  in  other  interdependencies  at  different 
depths  and  thus  may  influence  the  operation  of  the  ecosystem  in  that  segment  of  the  ocean. 
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Figure  4.  The  vertical  migrate**  of  scattering  layers  B.  C,  and  t> 
in  nktton  m  the  mat  of  the  tootamet  durtag  the  naaig  of 
February  1 1,  I960,  at  a  autkw  JJ  bUn  Southeast  of  Puerto 
Rkc  (Clarice  tad  Backup  1964). 
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DISCUSSION 

Kampa:  At  what  intervals  did  you  make  those  measurements?  Were  they  made  within 
minutes  or  half-hour  periods  during  the  trailing  of  the  isolume? 

Clarke,  G.:  You  are  talking  about  the  last  two  figures? 

Kampa:  Yes. 

Clarke,  G.  These  were  continuous  measurements. 

Kampa:  How  are  you  making  a  continuous  measurement? 

Clarke,  G.:  We  have  an  automatic  recorder  that  traces  the  position  of  the  deep  scattering 
layers  and  of  light. 


■’nx,  md  the  hght  «  recorded  on  the  surface  so  rhts  . 

Kampa  Then  are  there  wri'ace  measurements7 

Clarke,  G.  Surface  measurements  extrapolated  to  depth,  and  the  poctiora  of  the  isohimes 
are  calculated  from  the  surface  measurements  on  the  basis  of  transparency  determinations 
made  the  day  before,  that  day,  and  the  following  day.  Transparency  does  not  change  in  any 
important  way  within  a  few  hours  at  any  one  locality.  Also,  there  hat  been  a  feeling  that  the 
change  in  light  at  different  depths  might  take  place  at  different  rates  because  of  physical  con¬ 
siderations,  such  as  the  effect  of  refraction  or  of  scattering.  To  determine  this,  on  one 
occasion  we  used  three  photometers  simultaneously,  hung  at  three  different  depths  and 
recording  continuously,  and  we  found  that  the  rate  of  dropping  off  of  the  light  during  the 
evening  hours  was  parallel  at  the  three  depths. 

Kampa:  Were  you  using  any  color  filters  in  the  photometer? 

Clarke,  G.:  No. 

Kampa:  What  is  the  S-4  response  of  your  photomultiplier?  The  931 A  and  its  corollary  that 
we  have  used  have  an  S-4  response  with  a  maximum  sensitivity  at  about  4S0  nm.  What  is 
yours? 

Clarke,  G.:  A  maximum  is  in  the  blue,  about  47S  nm,  at  the  region  of  the  highest  penetration 
of  light. 

Holm-Hansen:  What  is  the  effective  depth  at  which  you  are  measuring  chlorophyll  by  your 
backscattering  data? 

Clarke,  G.:  This  is  a  problem  for  the  future.  When  we  measure  the  backscatteied  light  from 
above  the  surface,  it  is  not  yet  known  from  what  depth  each  portion  of  the  light  comes. 

Some  comes  from  the  first  meter,  some  from  the  second  meter,  some  from  the  third  meter, 
and  so  on.  Obviously  the  upper  meters  are  the  most  important  in  contributing  to  the  change 
in  the  spectrum,  especially  where  there  is  a  considerable  amount  of  chlorophyll  in  the  water. 

Holm-Hansen:  I  realize  that,  but  when  you  are  trying  to  correlate  your  measurements  with 
measurements  of  the  particulate  chlorophyll  made  by  Lorenzen  at  sea,  you  got  your  sample 
at  one  depth.  Now  what  depth  are  you  sampling? 

Clarke,  G.:  The  ground  truth  sampling  from  the  ship  is  determined  by  water  coming  in 
through  an  intake  in  the  hull  which  is  at  a  depth  of  two  meters  below  the  surface. 

Holm-Hansen:  I  would  like  to  make  one  comment.  You  described  this  as  a  new  method  for 
estimating  total  chlorophyll  in  the  water  column.  It  might  be  all  right  as  an  estimate  of  sur¬ 
face  chlorophyll,  but  I  think  it  would  be  very  hard  to  extrapolate  from  surface  chlorophyll 
to  total  productivity  or  total  chlorophyll  in  the  euphotic  zone. 

Clarke,  G.:  That  is  a  very  good  point  and  one  that  would  immediately  appeal  to  all  of  us. 

It  turns  out  that  Car)  Lorenzen  has  made  a  study  in  which  he  has  investigated  about  90  cases, 
and  found  that  on  the  average  the  surface  measure  of  chlorophyll  was  a  good  indication,  in 
these  instances,  of  the  total  amount  of  chlorophyll  in  the  euphotic  zone  and  of  productivity. 

Holm-Hansen:  Could  I  have  that  reference  please,  if  it  is  published  and  in  the  literature? 

From  all  the  data  I  have  seen  in  the  literature  as  well  as  from  my  own  data,  it  is  rather  hard 
to  believe  this  relationship. 


i  report  wtB  »ppe«  bi  Lmnoiogt  md  Gctmogn^hy, 

Voi  !  5.  pc.  iTQMjQ  19"7*}  Another  •{  ha  reports  was  puM*ii*<d  *  Deep-Sea  Reaeanh, 

VoJ  J3.  pp  323-22'.  1966,  and  a  more  recen?  report  in  mamactipi  form. 

Hoim-Hatuen  I’m  familiar  with  all  of  his  publications,  but }  look  forward  to  seeing  this  in 
print.  At  that  time  I  hope  i  can  be  convinced  that  you  and  he  are  right. 

Clarke,  G. :  1  agree  with  you.  !  am  skeptical  about  this,  too.  Certainly  1  think  there  would 
be  circumstances  when  this  would  not  be  true,  and  l  think  that  one  would  have  to  look  into 
the  relationship  more  carefully. 

Raymont:  1  would  like  to  make  a  small  point  about  the  chlorophyll.  I  take  it  that  you 
cannot  distinguish  yet  between  what  you  could  call  active  and  degraded  chlorophyll.  This 
might  also  be  a  factor  of  considerable  importance,  certainly  in  some  areas. 

Garke,  G.:  That  is  another  good  point,  and  again  I  have  to  rely  on  the  work  of  Carl  Lorenzen 
who  is  specializing  in  chlorophyll  studies.  He  tells  me  that  the  degraded  chlorophyll  is  10 
percent  or  less  of  the  active  chlorophyll  in  any  body  of  water,  so  that  even  though  it  might 
have  a  slightly  different  spectral  effect,  it  would  not  affect  the  overall  picture. 

Holm-Hansen:  If  you  look  at  depth  profiles,  phaeophytin  and  degraded  chlorophylls  are 
usually  very  low,  almost  insignificant  in  the  upper  five  or  ten  meters.  Most  of  the  degraded 
chlorophyll  is  deep  in  the  water  column,  and  so  I  think  this  will  be  rather  insignificant  for 
your  general  hypothesis. 

Barham:  1  was  wondering  about  changes  in  turbidity.  I  think  you  are  absolutely  right  for 
the  deep  ocean,  but  I  think  we  should  point  out  that  in  shallow  oceans  you  do  get  dramatic 
and  sudden  changes  in  turbidity  near  shore. 

Clarke,  G.:  I  certainly  agree,  but  of  course  it  is  easier  to  keep  track  of  conditions  near 
shore.  It  is  covering  the  huge  areas  far  at  sea  by  ship  that  is  so  time-consuming  and  that  can 
be  done  much  more  rapidly  from  an  airplane.  As  you  already  guessed,  we  are  looking  toward 
the  application  of  this  type  of  procedure  to  possible  measurements  from  spacecraft. 

Batzler:  In  your  figure  showing  copepod  distribution  with  time  of  day,  I  wonder  if  you 
could  tell  me  the  year  that  work  was  done.  It  seems  to  me  that  it  is  this  sort  of  work  that 
might  have  led  Martin  Johnson  to  say  that  the  deep  scattering  layer  migration  must  be  bio¬ 
logical  in  origin. 

Clarke,  G.:  Weil,  I  am  sure  it  is.  That  piece  of  work  was  done  in  1933. 

Kampa:  I  will  contradict  the  last  statement  because  Martin  Johnson  has  made  it  abundantly 
clear  to  us  that  he  did  not  say  that  the  sonic  scattering  layer  was  biological  in  origin.  His 
hypothesis  was  that  if  this  layer  migrated  toward  the  surface  from  various  depths  during 
the  twilight  period,  it  might  be  biological. 
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ABSTRACT 

The  importance  of  ambient  light  to  the  vertical  distributions  of  photo-oriented  animals, 
some  of  which  presumably  comprise  parts  of  sonic-scattering  layers,  lias  led  biologists  to 
trespass  upon  the  territorial  rights  of  physical  oceanographers  and  to  measure,  rather  than 
calculate,  light  at  depth  in  the  sea.  Measurements  of  the  attenuation  of  moonlight  and 
sunlight  with  depth  and  of  the  spectral  characteristics  of  such  light  have  been  undertaken 
in  the  coastal  regions  of  the  Atlantic  and  Pacific  Oceans,  th:  Mediterranean  Sea,  and  the 
Gulf  of  California,  and  in  the  deep  waters  adjacent  to  oceanic  islands  (Bermuda,  Madeira, 
and  the  Canaries). 

Comparison  is  made  of  attenuation  of  light  at  depths  greater  than  200  m  in  the  various 
regions,  and  inferences  are  drawn  as  to  the  photo-orientation  of  the  animals  in  certain 
scattering  layers. 

INTRODUCTION 

The  importance  of  transmitted  light,  both  natural  (Boden  and  Kampa,  1958, 1965,  and  1967; 
Clarke  and  Backus,  1956;  Kampa  and  Boden,  1954)  and  artificial  (Blaxter  and  Currie,  1967), 
to  the  behavior  of  certain  communities  of  midwater  animals  that  can  be  detected  by  echo 
sounders  has  been  well  established  for  a  number  of  geographic  regions.  However,  in  situ  mea¬ 
surements  of  the  intensity  and  color  of  such  transmitted  light  at  the  various  depths  inhabited  by 
these  photo-oriented,  sonic-scattering  layers  throughout  the  24-hour  cycle  of  their  migrations 
are  relatively  few.  Many  conclusions  as  to  the  intimacy,  or  lack  thereof,  of  changes  in  photo¬ 
environment  and  vertical  distribution  of  sonic  scatterers  have  been  based  on  data  from  midday 
observations  of  incoming  solar  energy  at  the  sea  surface,  by  human  observations  of  sky  state, 
times  of  sunrise  and  sunset  given  in  nautical  almanacs,  tables  presenting  the  average  amount  of 
incoming  energy  at  sea  level  at  various  latitudes  throughout  the  year,  and,  at  best,  extrapolations 
of  near  surface  midday  underwater  light  measurements.  Changes  in  the  state  of  incoming  radia¬ 
tion  from  the  night  sky,  except  perhaps  for  lunar  phases,  have  been  disregarded.  It  also  has 
been  assumed  that  in  tropical  and  subtropical  regions,  at  least,  the  attenuation  of  daylight  below 
100  m  is  uniform  for  all  oceanic  regions  (Jerlov,  1968). 


'This  study  was  supported  by  contracts  Nonr-233(3!)  and  2216(21)  between  the  Office  of  Naval  Re¬ 
search  and  the  University  of  California,  National  Science  Foundation  Grant  GB-1 152,  and  Public 
Health  Service  Grants  NB-05628  and  EY-00290-06. 
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■  _ _  motrimfi  of  mcomtnq  energy  a*  the  tea  surface  *bo»-  a  close  cor 

matio-rs  between  pteosoeimroraneiit  a&J  the  vertical  dwrtwoor.  of  as  least  one  sonk-scauering 
i*yer,  sreimngty  ubiquitous  in  subtropical  oceans  This  paper  summarizes  tome  of  these  observa¬ 
tion*  and  questions  the  validity  of  uset&ng  behavior  of  animal  populations  at  depths  greater 
than  200  m  in  terms  of  the  attenuation  of  transmitted  light  in  the  surface  layers 

INSTRUMENTS 

The  photometers  used  to  obtain  the  data  presented  here  have  been  described  in  detail  by 
Boden,  Kampa,  and  Snodgrass  (1960)  and  by  kampa  (1970b). 

Mast  Photometer 

The  collector  on  this  instrument  is  a  translucent  plastic  sphere;  the  sensor  is  a  93 1-A  multi¬ 
plier  phototube.  Schott  BG12  and  CCS  filters  (1-nun  thick)  are  in  the  light  path  at  all  times.  A 
three-position  shutter  with  a  rectangular  opening  (exposing  the  entire  photocathode),  a  pinhole 
(area  approximately  0.001  that  of  the  rectangular  opening),  and  an  opaque  position  can  be 
changed  at  will  from  the  control  panel  in  the  laboratory.  By  varying  shutter  position,  it  is  pos¬ 
sible  to  record  incoming  radiation  throughout  the  24-hour  cycle  and  to  monitor  the  dark  current 
of  the  system. 

Bathy-Thermo-Irradiance  Meter 

The  light  sensor  is  a  93 1-A  multiplier  phototube  selected  for  low  dark  current  and  high  sensi¬ 
tivity.  In  front  of  the  phototube  window  is  a  free-flooding  collimating  tube  with  a  flat-plate 
cosine  collector  at  its  outer  end.  Three  of  the  shutter  positions  are  identical  with  those  in  the 
mast  photometer,  the  other  two  positions  are  opaque  and  are  in  the  light  path  when  depth  and 
temperature  are  determined. 

An  eight-position  filter  holder  carrying  seven  interference  and  tail-blocking  filters  is  in  the 
light  path  as  well.  The  eighth  position  is  left  empty  to  allow  for  an  easy  check  of  filter  sequence. 

The  effective  half-peak  bandwidths  of  the  filter  combinations  are  9  to  12  nm.  The  spectral 
regions  from  410  to  337  nm  can  be  examined  with  the  filters  in  the  instrument.  The  pressure 
sensor  is  a  Bourdon-operated  potentiometer,  and  a  thermistor  senses  changes  in  temperature. 

Shutter  (hence,  function)  and  filter-changer  positions  are  controlled  from  the  ship’s  laboratory. 

METHODS 

Midday  Transmission  Measurements 

Because  multiplier  phototubes  are  temperature  sensitive,  the  instrument  was  lowered  to  sev¬ 
eral  hundred  meters  with  the  shutter  closed,  and  the  dark  current  was  allowed  to  stabilize.  The 
shutter  was  then  opened,  and  recordings  were  made  of  light  at  the  seven  wavelengths  at  that 
depth  and  temperature.  The  instrument  was  then  raised  in  SO-  or  100-m  steps  (depending  on 
time  available),  and  recordings  were  made  at  each  level.  From  these  records,  curves  representing 
the  attenuation  of  light  with  depth  were  constructed,  and  the  spectral  distributions  of  light  at  the 
various  depths  were  plotted. 

MeamrcoMats  of  PbotoeovironaMnrt  Owing  Periods  of  Change  in  Depth  of  o 
Selected  Soak-Scattering  Layer 

The  submersible  photometer  wu  lowered,  recording  depth,  until  it  reached  the  depth  of  the 
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MotU^t  Mmnmmi 

The  surface  pctiu  rradiance  meter  wu  introduced  to  the  work  recently,  and  its  use  is  re¬ 
flected  in  only  six  of  the  nine  region!  considered  in  this  paper.  The  instrument  is  mounted  as 
high  as  possible  on  the  ship,  and  it  records  continuously.  A  time  signal  synchronized  with  that  of 
the  echo  sounders  allows  a  minute-by-minute  comparison  of  changes  in  depth  of  the  sonic- 
scattering  layer  with  changes  in  incoming  energy  at  the  sea  surface.  This  instrument  is  used  as  a 
monitor  only  and  has  not  been  calibrated  in  absolute  units. 

OBSERVATIONS 

At  a  depth  of  100  m  (Fig.  1),  intensities  of  light  encountered  in  the  nine  regions  sampled  are 
separated  into  three  groups;  the  average  irradiance  intensity  of  each  group  differs  from  that  of 
the  next  by  about  one  order  of  magnitude.  The  best  lighted  of  the  three  100-m  groups,  pre¬ 
sumably  representing  water  masses  with  the  most  transparent  surface  layers,  were  found  in  the 
open  oceanic  regions  off  Bermuda  (Kampa,  1961),  off  the  Madeiras,  and  off  Tenerife  and 
Fuerteventura  in  the  Canaries  (Kampa,  1970b).  The  maximum  difference  in  peak  intensity  of 
the  spectra  for  these  four  locations  was  threefold;  the  light  in  each  was  distinctly  blue,  with 
wave  lengths  of  maximum  transmission  between  464  and  476  nm. 
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Figure  1.  Intensity  spectra  of  transmitted  midday  light  at  equivalent  depths 
in  nine  oceanic  regions. 
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iui  deep  uften  ■> f  the  Golfe  d_  Lion  in  (hi  Mediteffine*r:.  ira  San  Dwgo  Trough  off  south- 
cm  California  Kampa.  1961 ).  and  the  Guaymas  and  Faralkm  Basins  in  the  Gulf  of  California 
rKasTipa  I97(ja;  The  range  of  intensities  within  thu  group  varied  by  2  5-fold,  and  the  color  of 
light  at  iOu  m  in  these  regions  was  somewhat  more  blue  green,  with  iimimum  transmission*  in 
the  range  of  47ft  »0  4,% 

The  third  group-if  one  region  can  constitute  “a  group"-was  found  in  the  continental  *k>pe 
waters  off  Portugal  (Kampa,  1970b).  There,  the  maximum  transmission  at  100  m  was  near 
480  nm,  midway  between  the  extremes  of  color  displayed  by  the  waters  in  the  second  group. 

At  a  depth  of  200  m  in  the  same  nine  regions,  the  pattern  of  distribution  of  light  intensities 
into  groups  is  less  well  defined.  The  four  regions  included  in  the  highest  intensity  group  at 
100  m  were  still  highest  at  200  m,  although  light  transmission  in  the  100*  to  200-m  layer  had  been 
greater  in  the  waters  off  Tenerife  than  in  those  off  Bermuda.  Surprisingly,  for  the  Madeiras  are 
farther  from  the  African  coast  than  the  Canaries,  the  waters  in  the  100-  to  200-m  layer  off 
Madeira  were  optically  denser  than  even  those  off  Fuerteventura,  and  the  light  intensity  at  a 
depth  of  200  m  off  Tenerife  was  four  times  that  at  the  same  depth  off  Madeira. 

The  transparency  of  the  100-  to  200-m  layer  of  the  water  column  at  the  Mediterranean 
station  was  much  greater  than  that  of  the  California  oceanic  and  Gulf  of  California  stations,  with 
which  it  appeared  to  be  associated  in  the  observations  at  100  m.  At  200  m,  the  intensity  of 
irradiance  in  the  Golfe  du  Lion,  although  still  an  order  of  magnitude  lower  than  that  observed 
off  Fuerteventura,  was  a  full  order  of  magnitude  greater  than  the  average  of  intensities  at  the 
same  depth  in  the  San  Diego  Trough  and  the  Guaymas  and  Farallon  Basins. 

At  a  depth  of  300  m,  the  intensity  of  transmitted  light  off  Fuerteventura  and  that  off 
Bermuda  were  about  equal,  but  the  spectrum  at  the  Bermuda  station  peaked  near  462  nm, 
whereas  the  maximum  transmission  off  Fuerteventura  was  greener  near  478  nm.  The  irradiance 
level  at  this  depth  was  again  highest  off  Tenerife  with  a  maximum  intensity  near  473  nm.  The 
spectral  distribution  of  transmitted  light  in  the  waters  off  Madeira  was  similar  to  that  off 
Tenerife,  but  its  intensity  was  about  one-sixth  the  intensity  off  Tenerife. 

The  intensity  of  transmitted  light  at  300  m  at  the  Mediterranean  station  W8S  again  approxi¬ 
mately  one  order  of  magnitude  dimmer  than  that  at  the  same  depth  off  Fuerteventura,  but  at 
this  depth  it  was  two  orders  of  magnitude  greater  than  that  at  the  same  depth  in  the  San  Diego 
Though. 

At  400  m,  the  intensity  of  irradiance  in  the  waters  off  Tenerife  was  three  times  that  in  the 
waters  off  Bermuda.  The  light  intensity  at  the  Mediterranean  station  was  more  than  an  order  of 
magnitude  dimmer  than  that  at  the  same  depth  off  Fuerteventura  and  Bermuda. 

At  a  depth  of  500  m,  the  light  off  Tenerife  was  five  times  brighter  than  that  at  the  same  depth 
off  Bermuda.  The  intensity  at  this  depth  off  Fuerteventura  in  the  Canaries  was  more  than  an 
order  of  magnitude  dimmer  than  that  off  its  neighboring  island,  Tenerife. 

DISCUSSION 

Prior  to  my  1970  papers,  the  effects  of  temperature  on  the  responses  of  multiplier  photo¬ 
tubes  were  not  taken  into  account  in  our  work.  Instruments  were  calibrated  in  the  laboratory  at 
room  temperature,  measurements  were  made  at  sea,  and  direct  inferences  were  drawn  about  the 
transparency  of  the  waters  off  California,  off  Bermuda,  and  in  the  Mediterranean  (Kampa,  1961). 
In  all  these,  the  intensity  levels  established  for  the  upper  100-m  layers  seemed  inordinately  high. 
Calibrations  of  the  photometers  throughout  the  sea-temperature  ranges  encountered  in  all  the 
observations  made  with  instruments  incorporating  thermistor  sensors  have  since  been  undertaken 


-  n*  »  ? -»  *  ’«’*  ®"»va*  *»  '  mp  V  <HN  If  *  '~Tf  N  i Sf  55 
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In  Hm  text  Optkai  Octano^tph\ .  Jetkrr  ( 1961)  comet  dr  iKtt  betow  100  m,  the  attenuation 
of  downwelhng  trradunce  m  the  oceans  ts  approximately  uniform  and  that,  with  me  excep¬ 
tions,  the  attenuation  coefficients  for  afi  deep  oceanic  waters  are  within  the  narrow  range  of 
k  *  0.03  to  0.04. 

The  ohaenratkf.ii  presented  here  (Fie.  I )  cast  doubt  on  the  first  of  these  contentions.  In  the 
100-  to  200-~«  depth  interval,  significant  differences  in  attenuation  of  tight  were  observed  at  the 
nine  stations,  and  regions  that  had  shown  similar  photic  structures  at  100  m  were  quite  dissimi¬ 
lar  at  200  m.  From  these  observations,  it  would  seem  that  generalizations  about  photoenviron¬ 
ments  cannot  be  made  without  direct  measurements  of  the  photic  structures  to  depths  of  at 
least  200  m. 

A  comparison  of  the  attenuation  of  transmitted  downwelling  irradiance  at  depths  greater 
than  200  m  in  nine  regions  (Fig.  2)  belies  Jerlov’s  (1968)  contention  that  the  range  of  attenua¬ 
tion  coefficients  in  deep  waters  is  usually  restricted  to  k  *  0.03  to  0.04.  The  attenuation  co¬ 
efficient  of  transmitted  light  (A  -  470  to  480  nm)  in  the  San  Diego  Trough  approaches  0.06; 
that  in  the  waters  off  Tenerife  (0.024)  is  less  than  has  been  observed  elsewhere.  The  attenua¬ 
tion  curves  for  the  remaining  regions  are  distributed  between  these  extremes.  It  should  be  noted 
here  that  the  station  on  the  continental  slope  off  Portugal  has  been  omitted  from  Figure  2 


ATTENUATION  Of  IRRADIANCE 


Figure  2.  Curves  repre venting  attenuation  of  twnitied  midday  light 
(X  ■  470  to  480  nm)  at  depths  peeler  than  200  m  in  the  regions  Bustrated 
in  Figure  1.  For  earn  of  comparison,  the  vaues  have  been  equated  to  1.0 
•t  the  200-m  level. 
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because  no  me***?1-—  made  ihere  at  depths  «puf>c*r»*ly  grease r  than  20C  m  Informs 

uon  on  the  transparency  of  wateri  below  200  m  in  the  Bay  of  Biscay  fBeden  JUr  »*a  and 
Snodgrass,  1 9^-0)  is  included  in  Figure  ,\  These  data  were  presented  at  perc*^*30*' r  t  surface 
irradisnce  and  could  not  be  corrected  for  nctohoo  m  Figure  1 

This  elaboration  on  conditions  of  underwater  light  may  >eem  obscure  to  students  of  son<c 
scattering  per  se ,  but  to  the  mesopelagic  organisms  responsible  for  the  sonic  scattering  con¬ 
sidered  here  and  to  biologists  attempting  to  interpret  the  behavior  of  these  animals,  detailed 
information  on  the  photoenvironment  is  essential.  At  the  station  off  Fuerteventura,  it  was 
observed  (Boden  and  Kampa,  1967)  that,  during  twilights  on  successive  evenings,  the  animals 
presumably  responsible  for  a  particular  sonic-scattering  layer  could  detect  differences  in  sky 
state  that  were  imperceptible  to  human  observers  aboard  ship.  These  differences,  recorded  by 
both  surface  and  submersible  photometers  (Fig.  3),  were  such  that  at  the  same  time  on  succes¬ 
sive  evenings,  the  depth  of  the  scattering  layer  and  that  of  the  isolume  with  which  the  layer  had 
been  associated  on  the  two  days  varied  by  as  much  as  85  m. 


TIME 

Figure  3  Cum*  lepraentimt  the  decrease  of  tight  intensity  at 
the  wrfhce  (upper  left  to  lower  right)  end  the  corresponding 
rhe  of  an  isolume  <K  •  474  nra)  with  widen  a  onk-ecettering 
layer  wet  doeeiy  modeled  during  two  wceewhw  dusks  (lower 
left  to  upper  right).  (After  Boden  and  Kampa,  1967.) 
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The  remariabk  atmlarity  in  the  influence  oj  phw+fmtoTmti-.t  on  .ovuc  icaueters  that 
migrtse  dtumfcH  .  even  m  k>catH>ns  quite  remote  from  one  snothet,  is  emphasned  by  a  .om- 
paiison  of  the  observed  midday  light -depth  elation  ships  (Fig.  4)  of  fix  vor.ic-icattenn^  layers, 
four  in  the  eastern  North  Atlantic  (Kampa,  1970b)  and  two  in  the  Gulf  of  California  iKimpa, 
1970a).  Although  the  regions  are  remote  from  one  another  and  the  midday  depth*  sought  by 
the  sonic  icatterers  differed  by  hundreds  of  meters,  tike  intensity  of  iiradiance  encountered  by 
there  me  so  pelagic  animals  was  at  most  six-fold  at  the  wavelength  of  maximum  uansmisaion. 

If  the  most  oceanic  station  off  Madeira  is  disregarded  as  having  a  quite  different  fauna  from  that 
of  the  mere  coastal  regions,  the  intimacy  of  the  relationship  between  photoenvironment  and 
midday  depth  of  the  sonic  scatterers  at  the  remaining  five  stations  is  <?ven  greater,  and  the 
extremes  of  inadiance  intensities  encountered  by  the  layers  differ  only  by  a  factor  of  two. 

Observations  such  as  these  indicate  that  it  is  now  time  to  measure,  rather  titan  calculate, 
light  condii  ions  at  the  depths  oi  any  sonic  scatterers  that  appear  to  be  photo  oriented  before 
drawing  conclusions  about  their  behavior. 
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Figure  4.  RdatioMfeg*  between  imdteace  «t  4#0 
am  tkroegiioat  the  water  cefagaa  and  midday  depth 
of  a  soaic-eeatleriat  layer  to  fear  regions  of  the 
•asters  North  Adas  tic  and  to  two  regtoni  of  %» 
Ceif  of  CaUfottoa.  Stippled  aiees  todfcate  vertical 
exteat  of  scattortof  layers  oa  sdMMOwde  records. 
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DISCUSSION 

Johnson:  What  acoustic  frequency  were  you  using  to  measure  this  layer? 

Kampa:  The  ones  in  the  eastern  North  Atlantic  were  all  taken  from  the  MUFAX  precision 
echosounder  working  at  10  kHz,  and  the  ones  in  the  Gulf  of  California  were  done  with  a 
714/715  Raytheon.  It  was  operating  at  25  kHz. 

Barham:  From  the  last  figure  is  it  your  inference  that  there  are  distinct  differences  between 
scattering  layers  in  deep  oceanic  areas  and  in  coastal  areas? 

Kampa:  Yes.  This  particular  set  of  layers  that  we  are  watching  and  that  I  am  concerned  with  I 
have  found  wherever  I’ve  gone,  and  although  their  depth  range  at  midday  may  differ  from  place 
to  place  by  as  much  as  250  meters,  they  are  all  associated  with  light  that  is  within  a  very,  very 
narrow  range  of  intensity. 

Clarke,  O.:  1  don’t  quite  understand  the  point  that  you  are  making  about  a  difference  in  our 
results  or  interpretation.  Would  you  kindly  repeat  it? 

Kampa:  I  don’t  really  see  that  there  is  any  difference.  It  is  just  that  I  threw  away  my  slide  rule 
several  years  ago  and  I  have  been  using  a  light  meter  instead. 

Clarke,  G.:  i  think  that  it  is  a  very  interesting  observation  that  different  scattering  layers  in 
different  parts  of  the  ocean  seem  to  congregate  at  certain  isolumes  of  absolute  value,  and  that 
these  isolumes  occur  at  different  depths  according  to  transparency,  so  there  must  be  something 
of  general  biological  significance  about  these  light  levels.  You  are  talking  about  different 
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geographical  areas  separated  by  many  miles;  we  were  talking  about  the  control  or  the  same 
scattering  layer  in  the  same  place  and  at  different  hours  of  the  day.  We  did  not  have  facilities 
for  making  continuous  records  of  the  light  at  every  depth  throughout  the  day.  We  felt  that  this 
was  not  necessary  because,  having  once  determined  the  transparency,  the  transparency  is  not 
going  to  change  within  24  hours;  therefore  a  record  at  the  surface,  a  continuous  record,  would 
be  sufficient  for  determining  the  position  of  the  isolumes. 

Kampa:  In  every  area  where  people  are  going  to  try  to  interpret  the  photo-orientation  of 
animals,  if  such  exists,  I  think  that  a  continuous  recording  should  be  made  of  light  at  the  surface 
because  you  and  I  don’t  have  good  enough  vision  to  detect  changes  that  the  instruments  and  the 
animals  at  depth  can,  and  I  agree  with  you;  but  at  midday  one  should  examine  the  transparency 
of  the  water  and  preferably  at  a  number  of  wavelengths. 

Clarke,  G.:  I  agree  with  you  entirely,  and  this  should  be  done  with  as  much  detail  as  is  feasible 
under  the  circumstances.  I  tldnk  that  a  veiy  important  point  has  been  brought  out  by  your 
data:  When  we  are  talking  about  greater  depths,  that  is,  more  than  200  or  300  meter3,  very 
slight  differences  in  the  attenuation  coefficient  will  make  very  great  differences  in  the  position 
of  a  given  isolume. 

Kampa:  That’s  quite  right.  The  main  thing  is  that  anybody  who  is  trying  to  interpret  the 
behavior  of  animals  at  depth  in  terms  of  light  should  give  up  the  notion  that  the  attenuation  in 
all  oceans  is  the  $ar.,e  at  depths  greater  than  100  meters. 

Clarke,  G.:  I  think  what  you  are  saying  is  must*  matter  of  misunderstanding.  It  is  true  that 
the  deeper  water  is  extremely  transparent  e  erywhae,  but  as  I  just  said,  little  differences  in 
transparency  over  great  depths  will  hwe  a  very  prof'  ->nd  effect.  In  the  ocean  as  a  whole,  the 
differences  in  transparency  of  the  water  in  the  deeper  j  ,ers  are  relatively  constant  as  compared 
to  the  surface  layers  of  water,  anri  1  tknk  that  is  wherw  your  argument  is. 

Clarke,  W.:  I  think  the  tiling  we  should  look  at  i*  that  we  are  progressing  to  more  and  more 
refined  types  of  measurements.  Admittedly,  we  started  off  very  crudely,  and  I  think  we  have  to 
bear  in  mind  that  there  ic  a  histo'  /  here  we  are  working  through.  I  agree  with  you  that  we  should 
monitor  the  incoming  r, dhuion  at  the  surface  and  also  make  these  measurements  at  depth  con¬ 
tinuously  in  association  with  the  scattering  layers.  But  we  have  to  remember  that  we  started 
very  humbly,  and  with  the  finanew.  situation  the  way  it  is,  we’re  still  sort  of  humble. 

Kampa:  No,  we  don’t  m  *d  to  be  numble.  I  have  a  description  of  this  little  instrument.  It  can 
be  reproduced  for  $1 ,500  incl  .ding  filters. 

Clarke,  W.  ■  I  agree,  but  I  think  that  the  one  thing  we  are  neglecting  is  that  there  was  a  history 
here  and  that  we  must  look  at  things  in  perspective. 

Kampa:  I  agree  with  you,  but  at  the  same  time  I  don  t  believe  in  going  on  dealing  with  these 
generalizations  when  we  have  the  equipment  to  do  it  now. 

Clarke,  W.:  I’m  not  arguing  with  you  on  that  point,  and  we  are  doing  similar  work  at  our 
laboratory,  we  are  evolving  a  new  type  of  system  similar  to  yours. 
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ABSTRACT 

Bioiuminescent  displays  in  sonic-scattering  layers  (detected  by  various  types  of  echo 
sounders)  are  discussed.  In  the  first  experiment,  a  single  photometer  was  employed  in 
British  Columbia  waters.  In  recent  experiments,  dual  meters  have  been  used  to  determine 
spontaneous  luminescence. 

Spontaneous  bioluminescence  was  monitored  in  the  Gulf  of  California  and  in  the  San 
Diego  Trough-  The  measurements  were  made  simultaneously  above,  in,  and  below  sonic- 
scattering  layers.  Such  measurements  were  also  made  in  the  Eastern  Atlantic. 

INTRODUCTION 

This  paper  is  designed  to  emphasize  the  dependence  of  biological  observations  of  mcsopelagic 
fauna  on  acoustical  techniques.  It  deals  with  bioluminescence  in  sonic-scattering  layers  (as 
portrayed  by  conventional  echo  sounders).  The  results  presented  here  are  not  in  chronological 
sequence  but  in  geographical  order. 

Experiment! 

In  Saanich  Inlet,  British  Columbia,  a  single  photometer  was  used.  For  the  detection  of  the 
scattering  layers,  we  used  two  Furuno  echo  sounders,  F7C1  and  F7&5,  operating  at  SO  and  200 
kHz,  respectively;  an  EDO  echo  sounder  operating  at  12.5  kHz,  and  a  Minnuapolu-Honeywell 
precision  depth  recorder  operating  at  12  kHz. 

Scattering-layer  patterns  are  rather  peculiar  ;n  this  Qrrd  (Pary,  B.H.,  W.E.  Burraclough  and 
R.  Hrriinveaux,  1962;  Barraclough,  W.E.,  Le  Brasseur,  RJ.  and  Kennedy.  O.D.,  1969). 
Between  80  and  100  m  there  is  an  abrupt  oxygen  deficiency  that  apparently  discourages 
farther  downward  migration  of  the  layers  at  the  -unset  fwillgut  time.  The  ecological  aspects 
of  this  have  been  discussed  (Boden  and  Kampa,  1965). 

Apart  from  a  few  spectacular  flashes  of  luminescence,  the  general  level  was  lew.  We  attri¬ 
bute  these  flashes  to  perturbation  by  the  meter,  and  (he  general  low  level  to  a  sparsity  of 
plankton  at  that  season. 

Because  these  results  have  been  published,  no  figures  are  presented. 


•The  author  receive*  fund*  under  an  Office  of  Naval  Research  contract  with  the  University  of  California  at 
San  Diego,  California. 
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Experiment  II 

Measurements  of  bioluminescence  were  made  in  the  Gulf  of  California  Oat.  22°  33. 7'  N,  long. 
109*06.0'  W)  between  2005  and  2215  hours  on  January  9, 1968  from  the  R/V  Thomas  Wash¬ 
ington  (Scripps  Institution  of  Oceanography),1  and  in  the  San  Diego  Trough  Oat.  33*  N,  long. 

30°  W)  between  1645  and  1745  hours  in  January  4, 1969  from  the  R/V  Velero  IV  (University 
of  Southern  California).1  These  measurements  were  made  simultaneously  above,  in,  and  below 
a  sonic-scattering  layer  revealed  by  an  echo  sounder  on  board  ship. 

The  purpose  of  the  experiments  was  to  obtain  a  comparison  with  similar  determinations 
made  off  the  Canary  Islands  on  the  SOND  expedition  of  RRS  Discovery,  using  the  same  tech¬ 
nique  and  instruments  (Boden,  1969).  The  technique  is  a  simple  scintillation  technique.  The 
prototype  of  the  instrument  was  described  briefly  in  Nature  (Boden,  Kampa,  and  Snodgrass, 
1965).  It  was  subsequently  modified,  and  a  detailed  description  is  presented  by  Boden  (1969). 

In  brief,  the  instrument  consists  of  three  pairs  of  radiance  meters  with  collimating  tubes  re¬ 
stricting  the  angle  of  acceptance  of  their  multiplier  phototubes.  Each  meter  contains  a  small 
wire  recorder  and  its  powerpack.  The  meters  are  mounted  on  a  rack  so  that  they  have  a  squint 
vision  (strabismical)  and  survey  a  roughly  spherical,  common  volume  of  about  1  liter  at  a  dis¬ 
tance  of  about  1  m.  They  are  interconnected,  and  both  amplitude  and  frequency  are  monitored. 
Any  luminescent  flashing  in  the  common  volume  is  assumed  to  be  spontaneo  s  because  it  has 
not  been  disturbed  by  the  instrument  itself.  These  are  the  only  flashes  considered  in  the  analysis, 
although  each  meter  is  capable  of  recording  any  flash  in  its  own  survey  cone.  The  pairs  of  instru¬ 
ments  are  suspended  at  intervals  on  hydrographic  wire  and  scan  laterally. 

The  flashes  are  recorded  by  the  wire  recorder  and  latei  transferred  to  magnetic  tape. 

The  final  analysis  requires  a  rather  elaborate  readback  system.  It  is  presented  graphically  on 
Speedomax  and  Sanborn  recorders,  numerically  on  a  digital  recorder,  and  is  monitored  visually 
on  an  oscilloscope.  Auditory  monitoring  is  also  possible  with  a  tape  recorder.  This  systematiza¬ 
tion  was  deemed  necessary  for  critical  cross-reference,  though  reservations  regarding  the  efficacy 
of  the  system  are  maintained  (Boden  et  al.,  1965). 

Only  one  experiment  was  undertaken  in  the  Gulf  of  California. 

The  number  of  coincident,  presumably  spontaneous,  flashes  per  minute  recorded  by  the 
Speedomax  recorder  is  shown  in  Figure  1 .  The  recorder  is  gated,  and  each  bar  of  the  histogram 
represents  the  total  coincident  flashes  recorded  in  1  minute.  The  digital  recorder  is  similarly 
gated  and  provides  the  numerical  countout  of  the  flashes  depicted  in  the  histogram.  Presentation 
in  tabular  form  of  the  numerical  countout  is  considered  to  be  superfluous  here  because  it  is  repre¬ 
sented  on  the  ordinates  of  the  figures. 

Wire  to  tape  recording  was  at  7-1/2  inches  per  second  (ips)  and  the  readback  was  at  1-7/8  ips. 

At  the  time  of  lowering,  the  echo  sounder,  a  714-715  Raytheon,  operating  at  21  kHz,  revealed 
layers  between  125  and  175  m.  This  is  rather  deep,  but  may  be  accounted  for  by  clear  water  and 
a  bright  moon. 

Figure  1 A  shows  a  record  of  the  number  of  simultaneous  flashes  seen  by  the  uppermost  pair 
of  meters  while  suspended  at  100  m  (just  above  the  sonic-scattering  layer).  The  cast  was  raised 
75  m,  and  Figure  IB  indicates  considerably  greater  luminescent  activity  in  the  surface  layers  at 
25  m. 


^Expedition  MV  1968-1  supported  by  National  Science  Foundation  Grant  GA-1300  and  N.S.F.  Grant 
GB-4672  to  Prof.  Carl  L  Hubbs,  Scripps  Institution  of  Oceanography,  University  of  California  at  San  Diego, 
La  Jolla,  California. 

liaise  990  of  the  R/V  Velero  IV,  University  of  Southern  California,  Los  Angeles,  California. 
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Time  in  Minutes 

Figure  1.  A.  Number  of  simultaneous  flashes  recorded  by 
uppermost  pair  of  meters  at  100  m.  B.  Simultaneous  flashes 
recorded  by  same  meters  at  25  m.  C.  Simultaneous  flashes 
recorded  by  middle  pair  of  meters  at  175  m.  D.  Record  from 
same  meters  when  raised  to  125  m.  E.  Record  from  lower 
meters  descending  through  surface  layers.  F.  Record  from 
lower  meters  at  275  m. 

One  bar  of  the  histogram  represents  a  time  interval  of  1 
min.  The  numbers  of  flashes  were  provided  by  the  counter. 


Hie  middle  pair  of  meters  was  suspended  at  17S  m,  at  the  apparent  bottom  of  the  sonic- 
scattering  layer.  At  this  level,  there  was  very  much  more  luminescence  (Fig.  1C)  than  indicated 
by  the  uppermost  meters  when  they  were  at  100  m.  Figure  ID  shows,  however,  that  the  degree 
of  activity  was  surpassed  when  the  meters  were  raised  to  125  m,  the  uppermost  component  of 
the  sonic-scattering  layer.  The  signal  on  the  Speedomax  recorder  was  so  consistently  high  that 
the  pen  did  not  return  to  zero  throughout  the  record.  The  return  to  the  base  line  in  this  figure 
denotes  the  termination  of  the  record. 

In  Figure  IE,  the  record  made  from  the  lower  pair  of  meters  while  descending  through  the 
surface  layers  is  shown,  and  a  few  spectacular  bursts  of  luminescence  can  be  seen.  The 
record  at  275  m  (Fig.  IF)  shows  very  little  activity.  This  depth  is  weD  below  that  of  the 
sonic-scattering  layer. 

Experiment  III 

In  another  experiment,  performed  on  the  R/V  Velero  IV  in  the  San  Diego  Trough,  a  some¬ 
what  different  approach  was  taken.  Recordings  were  made  on  a  Gifft  recorder  at  12  kHz. 
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A  single  pair  of  meters  was  lowered  to  the  depth  of  the  sonic-scattering  layer  and  maintained  at 
that  depth  during  the  upward,  twilight  migration  of  the  layer. 

The  instrument  and  scattering  record  were  both  clearly  visible  on  the  echo-sounder  trace 
throughout  this  period  (Figure  2).  The  instrument  appears  as  a  solid  line.  The  descent  of  the 
instrument  and  its  position  in  the  layer  is  shown  in  Figure  2A.  In  Figure  2B,  the  instrument 
appears  at  the  same  depth,  while  the  layer,  augmented  by  a  deeper  community,  undertakes  its 
upward,  twilight  migration.  Figure  2C  shows  the  instrument  at  the  same  depth  but  now  below 
the  layer.  Figure  2D  shows  the  instrument  being  raised  to  the  surface  through  the  surface 
scattering. 

The  numbers  of  simultaneous  flashes  per  minute  recorded  during  each  of  these  four  time 
intervals  are  depicted  in  the  histograms  in  Figure  3A  through  3D.  Figure  3A  is  the  record  for  the 
15 -min  period  the  instrument  was  in  the  layer.  During  the  next  15  min  the  number  of  flashes 
increased  greatly  (Fig.  3B).  Whether  this  was  because  of  increased  activity  of  the  animals  or 
recruitment  from  another  community,  or  both,  is  speculation  at  this  point.  Figure  3C  shows  a 
reduction  in  the  number  of  recorded  flashes  after  the  layer  has  passed  the  instrument.  A  great 
increase  in  luminescent  activity  in  the  surface  layers  is  apparent  in  Figure  3D. 

Experiment  IV 
Acoustic  work 

The  objective  of  the  main  acoustic  experiment  was  to  measure  quantitatively  the  scattering 
from  different  depths  at  different  frequencies  (2  kHz  to  300  kHz,  3.3  kHz,  10  kHz,  26  kHz, 

36  kHz,  54  kHz,  67  kHz,  and  100  kHz)  for  comparison  with  the  biological  samples  obtained  with 
various  nets.  Echo  sounders,  when  operational,  were  recording  continuously,  and  all  scientific 
personnel  shared  the  sounder  watches. 


Figure  2.  A  fathogrem  made  showing  the  upward,  twilight  migra¬ 
tion  of  the  sonic-scattering  layer.  A,  B,  C,  and  D  indicate  the  four 
15-min  intervals  during  which  observations  were  in  the  scattering 
layer,  during  migration,  after  migration,  and  in  the  snrfhce  layers. 
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Figure  3.  A.  Number  of  simultaneous  flashes  recorded  by  a 
pair  of  meters  situated  in  the  scattering  layer.  3.  Number  of 
flashes  recorded  b/  same  meters  at  same  depth  as  the  layer 
migrates  past  them.  C.  Number  of  flashes  re  -orded  by  same 
meters  at  same  depth  after  layer  has  passed  them.  D.  Number 
of  flashes  recorded  as  the  meters  are  raised  through  the  surface 
layer. 


Bioluminescence 

This  work  has  also  been  published  (Boden,  1969),  so  the  results  are  merely  paraphrased  here, 
and  no  figures  are  presented.  In  one  experiment,  a  brace  of  meters  was  lowered  to  180  m  at 
evening  twilight  and  held  stationary.  A  considerable  increase  in  luminescence  was  noted  as  the 
layer  passed  the  meters,  but  this  dropped  to  zero  afterward. 

In  another  experiment,  three  racks  of  instruments  were  lowered  on  one  wire  at  midday.  These 
were  suspended  at  1 10, 435,  and  510  m.  The  densest  part  of  the  scattering  layer  shown  by  the 
fathometer  was  at  437  m.  There  was  very  little  luminescence  indicated  by  the  upper  and  lower 
meters  and  negligible  scattering  at  those  depths.  Increased  activity  was  shown  by  the  center  meter. 

In  yet  another  experiment,  a  pair  of  meters  was  mounted  on  the  vane  of  an  Isaacs- Kidd  trawl, 
surveying  a  common  volume  forward  of  it.  Another  pair  scanned  the  contents  of  the  net,  one 
with  meter  looking  upward  and  one  downward.  The  downward-scanning  meter  recorded  less 
activity  than  that  of  the  upward-scanning  one.  The  meters  oriented  forward  and  backward  showed 
considerably  more  activity,  and  the  latter,  looking  into  the  net,  set  the  recorder  off  scale. 
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DISCUSSION 

Rudyakov  (1968)  advocates  the  use  of  a  photometer,  towed  at  constant  speed  nt  varying 
depths,  to  determine  the  stratification  of  luminescent  organisms.  In  his  survey.  ■■  erv-tion?  of 
luminescence  and  collections  for  identification  of  organisms  were  made  concurrently,  and  son*^ 
interesting  narrow-layer  stratification  was  demonstrated  in  the  Mediterranean,  the  Red  Sea,  and 
Gulf  of  Aden.  He  rationalizes  that  such  investigations  are  not  only  of  great  ecological  interest 
but  are  also  of  importance  in  the  solution  of  applied  (presumably  military)  problems. 

The  results  of  these  experiments  substantiate  previous  observations  made  in  the  Pacific 
(Boden  and  Kampa,  1957;  Boden  et  al.,  1965)  and  in  the  Atlantic  (Boden,  1969).  These  obser¬ 
vations  indicate  a  high  degree  of  luminescent  activity  in  surface  waters  and  at  sonic-scattering 
layer  depths,  and  a  lesser  degree  at  intermediate  depths  and  below  the  sonic-scattering  layers. 
Such  an  agreeable  confirmation  of  this  phenomenon  in  yet  another  area  of  the  oceans  is  most 
engaging. 

The  graphic  presentation  of  the  flashes  has  made  it  possible  to  examine  their  shape  and  has 
revealed  a  frequency  of  minor  flashes  within  each  major  flash.  Both  frequencies  and  shape  vary 
from  flash  to  flash,  but,  in  many  cases,  they  were  remarkably  similar  in  any  geographical  area. 

Figure  4A  is  a  tracing,  from  the  frequency  channel  of  the  record,  of  one  of  many  similar 
flashes  recorded  in  the  Gulf  of  California.  Figure  4B  shows  a  flash  recorded  in  the  San  Diego 
Trough.  Differences  in  configuration,  duration,  and  frequencies  can  be  detected.  Presumably, 
the  meters  were  observing  different  communities  in  each  case.  The  significance  of  this  phenome¬ 
non  is  not  yet  clear,  but  laooratory  work  may  show  whether  it  is  a  specific  characteristic. 

The  most  exciting  observations  on  shallow  scattering  layers  are  those  by  Tchindonova  and 
Kashkin  (1969)  and  Barraclough,  LeBrasseur,  and  Kennedy  (1969)  in  which  it  is  shown  that  a 
relatively  high  frequency  (200  kHz)  reveals  layers  that  cannot  be  detected  by  the  usually  oper¬ 
ated  low-frequency  sounders. 

These  results  all  illustrate  the  dependence  of  biological  oceanographers  on  physical  oceanog¬ 
raphers.  I  must  quote,  however,  the  words  of  the  late  Prof.  Harald  Sverdrup:  “The  major  duty 
of  a  physical  oceanographer  is  to  provide  a  background  for  biologists." 


:  M 

| - 1  m - 1 

Figure  4.  A.  Configuration  of 
a  flash  recorded  in  tbs  Gulf  of 
California.  B.  Configuration 
of  a  flash  recorded  in  the  San 
Diego  Trough. 
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DISCUSSION 

Pearcy:  You  show  differences  in  flash  rates  at  different  depths.  Are  there  also  differences  in 
the  intensity  of  the  flashes? 

Boden:  Once  you  get  the  meter  up  to  the  surface  layers,  it  is  certainly  more  intense,  but  I  think 
we  are  probably  dealing  with  dinofiagellates  or  something  like  that.  At  scattering  layer  depth, 
the  frequency  changes,  but  1  think  intensity  does  not  change  a  great  deal. 

Holm-Hansen:  When  you  speak  of  a  flash,  do  you  mean  a  flash  which  results  from  an  on-off 
signal  from  one  micro-organism,  or  do  you  mean  a  continuous  bioluminescence  and  the  instru¬ 
ment  is  just  scanning  that  for  a  finite  time? 

Boden:  The  instrument  really  is  scanning  just  a  common  volume.  What  the  instrument  is  seeing, 
1  don’t  know.  Of  course,  each  instrument  can  record  flashers  all  the  way  through  its  scanning 
time,  but  it  is  only  those  we  notice  as  being  recorded  by  both  instruments  that  we  consider 
spontaneous  luminescence.  Whether  this  is  one  organian  is  uncertain,  because  you  could  get 
sympathetic  flashing;  something  could  flash  and  stimulate  a  flash  elsewhere,  so  this  is  a  very 
serious  reservation  that  we  are  holding  about  the  system.  But  I  think  it  is  better  than  anything 
we  have  done  yet. 
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McElroy:  I  had  just  a  comment  concerning  the  stimulation  effect.  I  have  no  idea  of  the  quan¬ 
tities  I  am  going  to  mention  here,  but  this  might  be  an  interesting  problem  for  a  physicist.  I  can 
conceive  of  a  couple  of  mechanisms  occurring  here  as  possible  ways  in  which  these  additional 
emissions  might  occur.  One  would  be  that  the  animal  is  actually  responding  in  some  way 
through  biological  mechanisms.  The  other  way  that  I  am  suggesting  is  through  a  strictly  phys¬ 
ical  mechanism  called  stimulated  emission  of  radiation.  Stimulated  emission  carried  to  an 
extreme  in  a  coherent  sense  is  what  is  used  in  the  laser.  I  am  not  suggesting  that  is  exactly  what 
is  going  on  here,  but  there  may  be  strictly  a  response  on  a  physical  basis  with  no  real  intervening 
biological  mechanisms. 

Boden:  One  thing  I  have  run  into  in  the  last  few  months  is  that  1  cannot  get  any  luminescent 
organisms,  and  I  really  don’t  know  what  the  reason  is.  I  bring  the  animals  into  the  laboratory 
and  I  cannot  make  them  flash.  I  don’t  know  whether  this  is  a  seasonal  thing  o'  as  has  been 
suggested  by  some  of  our  physical  oceanographers,  whether  we  are  running  intc  rome  sort  of  a 
problem  with  this  tritium  belt  that  comes  right  across  from  Japan,  hits  Seattle,  and  then  appar¬ 
ently  sinks  down  to  form  a  peak  off  Baja  California.  But  these  creatures  have  to  migrate  through 
this  belt,  and  of  course  this  is  going  to  upset  oxidative  metabolism.  This  could  possibly  be  the 
reason  why  they  are  not  luminescing. 

Holm-Hansen:  What  organisms  are  these? 

Boden :  The  ones  I  have  been  working  on  are  mostly  euphausiids. 

Barham:  I  think  you  have  already  answered  my  question.  I  was  just  going  to  ask  whether  you 
get  some  kind  of  signature  from  them  under  laboratory  conditions. 

Boden :  This  is  what  I  have  been  trying  to  do.  They  won’t  talk  to  me. 

Backus:  In  connection  with  Paul  McElroy’s  remarks,  1  would  like  to  say  that  we  have  noticed 
two  bioluminescent  responses  to  the  flashlight  beam,  one  from  the  bow  chamber  of  Atlantis  U 
at  night  when  thinir  g  the  flashlight  forward  through  the  windows.  Immediately  upon  turning 
on  the  flash,  we’ve  had  large  organisms,  perhaps  jellyfishes,  bioluminesce  in  response  to  the 
flashlight  beam.  Also,  from  the  Alvin  during  the  day  at  depths  of  600  and  700  meters,  with  all 
ligt.ts  off  and  after  having  sat  for  awhile  in  a  spot,  upon  turning  the  flash  on  and  poking  it  out 
the  window,  we  have  had  a  sudden  and  dramatic  flash  of  blue  light  from  all  around  us.  It  is  quite 
a  spectacular  thing. 

Mersey:  Brian,  I  was  unaware  of  the  apparent  very  strong  correlation  between  the  presence  of 
the  scattering  layer  as  such  and  these  biduminescing  animals.  Have  you  made  enough  observa¬ 
tions  so  that  you  would  care  to  say  how  universal  this  observation  is?  Is  it  just  one  scattering 
layer  where  you  know  you  can  find  bioluminescence,  or  are  there  many  that  display  this  cor¬ 
respondence? 

Boden:  What  we  have  been  doing  is  observing  the  migratory  layer  with  which  we  are  familiar. 

In  a  lot  of  the  observations,  particularly  on  Discovery,  for  instance,  there  were  a  lot  of  non- 
migratory  layers.  This  is  also  true  in  British  Columbia.  There,  the  nonmigratory  layers  which 
are  right  on  the  bottom  of  this  oxygen-deficient  layer  were  composed  mainly  of  amphipod% 
which  don’t  bioluminetce.  The  migratory  ones  are  mainly  Euphausk  pacific*,  and  this  is 
interesting  in  that  it  is  a  captive  sort  of  group  there  because  the  salinity  is  very  low  and  there  is 
not  much  exchange  of  water  between  the  fjord  and  the  Pacific  Ocean.  These  euphausiids  seem 
to  have  developed  a  completely  different  spectral  sensitivity. 
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Hersey:  Now  do  you  identify  the  euphausiids  with  the  layer  as  scatterers  of  sound  or  is  it  some¬ 
thing  else? 

Boden:  I  don’t  really  know. 

Hersey:  One  further  question.  The  lantemfishes,  by  their  very  "me,  suggest  that  they  could 
possibly  be  the  signal  both  optically  and  acoustically. 

Boden:  Yes,  they  are  probably  chasing  these  little  chaps  up  and  gobbling  them  up. 

Hersey:  Well,  I  am  wondering  whether  the  light  doesn’t  also  come  from  the  lantemfishes  rather 
than  from  the  euphausiids. 

Boden:  Well,  I  think  it  probably  comes  from  all  sorts  of  creatures. 

Nafpaktitis:  In  reference  to  Backu  s’  statement  about  flashing  a  light  and  getting  a  response,  I 
would  like  to  mention  that  in  a  recent  letter,  J.  W.  Hastings  of  Harvard  University  informed  me 
that  while  in  New  Guinea  he  obtained  six  species  of  pony  fishes,  family  Leiognathidae.  These 
fishes  have  an  organ  surrounding  the  esophagus  in  which  luminous  bacteria  are  cultured.  He  was 
able  to  count  the  bacteria  and  also  study  the  control  of  the  system  and  how  it  flashes.  He  said 
that  it  can  be  triggered  by  a  light  flash  to  the  eye. 

Hansen:  Did  I  understand  you  to  say  that  amphipods  were  causing  the  scattering  layer  at  the 
oxycline? 

Boden:  This  is  the  idea  that  the  Canadians  had. 

Hansen:  This  is  c  nonmigratory  layer? 

Boden:  Yes.  The  other  layer  splits  off  and  comes  up. 
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ABSTRACT 

In  an  earlier  survey,  fishes  with  a  gas-filled  swimbladder  were  found  to  be  common  at 
mcsopclagic  and  benthopelagic  levels  of  the  deep  ocean.  In  bathypekgk  fishes  the  swim¬ 
bladder  is  either  regressed  or  absent.  Of  the  metopelagic  fauna  (centered  between  levels  of 
150  to  1,000  m),  the  most  numerous  forms  with  a  swimbladder  are  stomlatoids  (small 
gonostomstids  and  sternoptychids)  and  myctophids.  A  recently  completed  survey  suggests 
that  all  but  two  of  the  trichiuroid  fishes,  nearly  all  of  which  are  mesopelagk,  can  be  added 
to  the  list  of  swimbladder  containers,  and  there  are  others.  Analysis  of  recent  midwater 
trawl  surveys  in  the  North  Atlantic  shows  that  at  least  two-thirds  of  the  individuals  caught 
have  a  swimbladder. 

Mesopelagk  fishes  may  wt.  be  conspkuous  components  of  deep  scattering  layers 
throughout  the  ocean.  This  seems  remarkable,  but  most  kinds  of  these  fishes  are  small 
(and  very  adaptable).  For  Instance,  total  catches  of  adult  eupheusiids  are  only  about  five 
times  those  of  mesopelagk  fishes.  The  mean  size  of  the  latter,  and  hence  of  swimbladders, 
is  presumably  lowest  in  the  relatively  sterile  central  water  masses.  Conversely,  mean  sizes 
an  largest  in  anas  holding  expatriated  individuals,  as  in  the  North  Atlantk  to  the  west  of 
the  British  isles,  joint  acoustical  and  biological  exploration  of  these  anas  should  be 
nwarding. 

life  in  oceanic  space  r*ny  bo  assigned  to  four  main  levels:  e  pi  pelagic  (0  to  ca.  ISO  m), 
mesopelagk:  (ca.  150  to  1 ,000  m),  bathypeiagic  (ca.  1 ,000  to  4,000  m),  and  benthopelagic  (near 
the  bottom).  There  is  also  benthic  life  on,  and  just  below,  the  interface  of  sea  and  land. 
Naturally,  this  neat  scheme  is  tra usg.. taed  by  the  animals.  Each  day  about  sunset,  many 
mesopelagk  fishes  mipate  up  to  the  c  pi  pelagic  zone,  but  beat  a  Puckish  retreat  before  dawn. 

In  the  other  direction,  mcao pelagic  tutd  bathypeUfic  fishes  may  sometimes  Uve  as  near  to  the 
bottom  as  benthopelagic  fishes.  Even  so,  the  scheme  has  some  phystcobiolofkal  basis. 

Epipelagk  organisms  Uve  more  or  leas  in  the  euphotk  zone,  where  primary  production  is  con¬ 
centrated.  The  metopelagic  zone  is  a  twilight  world  containing  most  of  the  midwater  fishes, 
especially  stomiatoids  and  myctophids.  Apart  from  sporadic  bteiumtamcjnce,  the  bathypeiagk 
zone  is  pitch  dark,  and  the  fish  fauna  is  dominated  In  numbers  by  CycbtSone  individual*  and  In 
species  by  ceratloid  angierfhhes.  The  benthopelagic  fauna  consists  largely  of  elongated,  n«any- 
rayed  fishes  with  a  swimbladder ,  notably  rat -mils  and  brotuMs.  Benthic  deepen  fishes,  most  of 
which  are  chiorophthaimids,  bathypteroids,  Hparids,  and  zoerckb,  have  no  swimbladder. 

Since  an  earlier  study  (Marshall,  1960),  1  have  now  virtually  completed  a  general  survey  of 
swimbladder  development  In  deep-eea  fhhes.  Or.  the  systematic  dde,  there  are  does  to  850 
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described  species  of  mesopeiagic  fishes,  most  of  which  are  stomiatoids  (ca.  250  species), 
argentinoiris  (ca.  40  species),  myctophids  (ca.  200  species),  alepisauroids  (ca.  80  species), 
melamphaids  (c?  45  species),  and  trichiuroids  (ca,  40  species).  A  gas-filled  swimbladder  is 
present  in  the  adult  stage  of  species  comprising  about  a  third  of  the  mesopeiagic  fauna,  notably 
in  myctophids  (ca.  180  species),  stomiatoids  (ca.  30  species,  small  gonostomatids  (excluding 
Cydothone  spp.)  ;  nd  hatchetfishes),  most  trichiuroids,  and  some  melamphaids.  The  volume  of 
the  swimbladder  in  these  fishes  (ca.  5%  of  the  body  volume)  is  such  as  to  eliminate  their  weight 
in  water.  The  swimbladder  is  purely  a  hydrostatic  organ;  there  are  no  attached  sonic  muscles 
or  linkages  with  the  ears.  The  main  kinds  of  mesopeiagic  fishes  without  a  swimbladder  are 
alepocephalids,  searsids,  alepisauroids,  and  most  of  the  stomiatoids  ( Cyclothone  spp., 
Chauliodus  spp.;  Stomtes  spp«,  Asfrc.,esthidae  .'numerous  species),  Melanostomiatidae, 
Idiacanthus  spp,,  and  Malacosieidac) 

Bathypelagic  fishes,  represented  largely  by  black  species  of  Cydothone  and  ceratioid  angler¬ 
fishes  (ca.  100  species),  ••<v  .  3unt  to  about  150  species.  The  swimbladder  is  either  absent  or  re¬ 
gressed  in  the  adults  of  all  species.  Regression  occurs  in  the  Cydothone  species,  which  have  a 
gas-filled  swimbladder  during  the  ncstlarval  phase,  which  is  passed  in  the  mixed  layer.  During 
metamorphosis  and  descent  towar  ■„  the  adult  living  space,  the  swimbladder  begins  to  regress 
and  is  gradually  invested  by  fatty  tissue.  Though  without  a  swimbladder,  bathypelagic  fishes 
must  be  very  close  to  neutral  buoyancy,  a  condition  largely  attributable  to  their  weakly  devel¬ 
oped  muscles  and  poorly  ossified  skeleton.  These  developments,  inter  alia,  are  correlated 
with  a  food-poor  environment  (Marshall,  1960). 

Except  for  certain  squaloid  sharks,  chimaeroids,  alepocephalids,  and  ateleopids,  fishes  of  the 
benthcpelagic  fauna  have  a  weil-developed,  gas-fitted  swimbladder.  Of  some  750  species,  the 
main  groups  are  rat-tails  (Macrouridae,  ca.  300  species),  deep-sea  cods  (Moridae,  ca.  70  species), 
and  brotulids  (ca.  250  species).  Even  si  depths  beyond  3,500  m,  1 1  of  16  recorded  species, 
represented  by  88  of  1 17  specimens,  have  a  swimbladder  (depth  records  from  Nybelin,  1957). 
(It  is  striking  that  most  members  of  the  two  dominant  groups  have  evolved  drumming  muscles 
on  the  swimbladders  of  males.)  That  neutral  buoyancy  is  biologically  advantageous  in  bentho- 
pelagic  fishes  is  shown  not  only  by  the  widespread  development  of  the  swimbladder,  but  also  by 
the  storage  of  squal  .3  in  such  quantities  that  deep-sea  squaloids  and  chimaeroids  virtually 
achieve  such  buoyancy  (Corner,  Denton,  and  Forster,  1969). 

Deep  scatte  ng  layers  (DSL)  appear  at  mesopeiagic  levels,  where  fishes  with  a  swimbladder 
are  likely  to  be  prominent  components  of  echograms.  Now  that  the  survey  of  swimbladder 
development  practicably  is  complete,  it  is  relevant  to  estimate  the  percentage  of  fishes  at 
mesopeiagic  levels  with  this  organ.  Here  we  mm  do  no  better  than  consider  data  presented  by 
Backus,  Craddock,  Haedrich,  and  Shores  (1969). 

Twenty-five  tows  with  an  Isaacs-Kidd  midwater  trawl  (IKMT)  were  made  at  stations  along 
the  meridian  70°20'  W  from  off  Hispaniola  to  the  Gulf  Stream,  i.e.,  in  the  western  Sargasso  Sea. 
Of  7,676  fishes  taken,  about  60%  belonged  •>  species  with  a  swimbladder.  The  most  abundant 
forms  were  lanternfishes,  Cemtoscopelus  warmingi  (l  ,547  specimens/ 14  stations);  Lampanyctus 
pusilim  (3  /  5/8);  Lepidophanes  gaussi  (347/ 1 0);  and  Notoiychnus  valdtviae  (489/ 1 5).  The 
gonostomatid  fish  Cyclothone  braueri  was  very  abundant  also  (2,872/13),  but  I  have  excluded 
this  from  the  percentage  estimation.  In  fully  mature  individuals,  the  swimbladder  contains  no 
gas,  though  it  may  in  stages  between  the  post’arval  and  early  adult  phases.  Moreover,  there  is 
no  evidenw  that  Cyclothone  spp.  migrate  Jiumally  between  daytime  levels  and  the  epipclagic 
zone.  Oi  die  migrating  species,  at  least  80%  of  the  total  number  of  individuals  will  have  a  gas- 
filled  swimbladder.  Percentages  of  inis  order  tray  be  expected  in  other  parts  of  the  ocean. 
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Mesopelagic  fishes  with  a  swimbladder  are  likely  to  be  conspicuous  components  of  DSLs  over 
most  of  the  ocean.  As  we  saw,  most  of  the  migrators  have  a  gas-filled  swimbladder  and  belong 
to  the  stomiatoid  and  myctophid  groups.  Moreover,  most  of  these  species  feed  on  zooplankton 
ranging  in  size  from  copepods  to  euphausiids.  Predatory  migrators  with  a  swimbladder  are 
mainly  trichiuroid  and  astronesthid  fishes.  Migrators  without  a  swimbladder,  such  as  Chauliodus 
spp.,  Stomm  spp.,  and  various  melanostomiatids,  are  all  predators,  able  to  deal  with  relatively 
large  prey.  If  Gonostoma  elongatum  may  be  taken  as  a  paradigm,  these  forms  are  close  to 
neutral  buoyancy. 

Beside  this  overall  tendency  to  eliminate  their  weight  in  water,  all  kinds  of  migrators  seem 
well  equipped  in  other  aspects  for  their  seemingly  strenuous  up  and  down  life.  Along  the  flanks, 
often  from  dorsal  to  ventral  midlines,  the  red  muscle  fibres  of  the  myotomes  are  well  developed. 
(Red  muscles,  which  hwe  inbuilt  stamina,  are  the  cruising  motors  of  fishes.)  All  migrators  have 
sensitive  eyes  of  one  kind  or  another,  able,  no  doubt,  to  signal,  inter  alia ,  the  approach  of  sunset 
and  sunrise.  Most  species  are  luminescent,  and  we  may  expect  to  learn  more  of  the  significance 
of  light  display  during  diurnal  vertical  migrations.  It  certainly  looks  as  though  mesopelagic 
fishes  are  the  marine  counterparts  of  mice  and  owls:  they  “emerge”  at  night  to  seek  their  prey. 
During  the  daytime,  as  underwater  observations  suggest,  they  do  nothing  in  particular,  which  is 
a  ?)od  way  to  escape  the  notice  of  predators.  Lantern  fishes  hang  motionless  in  the  water,  often 
with  little  regard  for  set  posture.  Resting  by  day  in  cool  waters  has  another  advantage,  according 
to  McLaren  (1963),  who  advanr  js  the  hypothesis  that  as  soon  as  the  thermal  stratification 
develops,  vertical  migration  is  profitable  metabolically,  for  it  is  more  efficient  to  feed  at  high 
temperatures  and  grow  at  low  temperatures. 

Large-scale  variations  in  oceanic  productivity  are  reflected  in  the  numbers  of  mesopelagic 
fishes.  For  instance,  in  the  western  Sargasso  Sea,  Backus  et  al.  (1969)  found  that  catches  were 
larger  north  of  the  “subtropical  convergence”  than  to  the  south,  where  primary  productivity  is 
lower.  One  might  also  expect  thin  catches  of  mesopelagic  fishes  in  the  central  water  masses. 

In  these  gyrating  “deserts,”  the  dwarfing  of  certain  species  may  well  be  part  of  their  adaptation 
to  food-poor  surroundings.  Presumably,  the  size  spectrum  of  swimbladders  is  smaller  than  that 
in  neighboring  waters  of  higher  productivity. 

Certain  regional  differences  in  the  mean  size  of  mesopelagic  fishes  are  very  well  marked.  For 
instance,  compare  the  size  spectrum  of  the  myctophid  fauna  from  the  Indian  Ocean  (Nafpaktitis 
and  Nafpaktitis,  1969)  with  that  from  tne  Southern  Ocean  (Andriashev,  1962).  (Both  surveys 
used  the  IKMT.)  Of  the  18-odd  species  in  the  Southern  Ocean,  consisting  mainly  of  Proto- 
myctophum  spp.,  Electrona  spp.,  and  Gymnoscopehts  spp.,  all  but  three  reach  a  maximum 
length  of  at  least  jO  mm.  In  the  Indian  Ocean,  there  is  a  more  diverse  myctophid  fauna  (of  at 
least  S4  species)  assigned  to  19  genera,  but  only  eight  species  reach  a  maximum  length  of  60  mm. 
Moreover,  the  most  abundant  spedes,  Lepidophanes  longipes  and  Hygophum  proximum ,  both 
reach  a  maximum  size  of  about  40  mm.  In  proceeding,  then,  from  the  Southern  Ocean  to  the 
Indian  Ocean,  there  is  a  marked  decrease  in  the  spectrum  of  swimbladder  size  contributed  by  the 
lantemfish  faunas.  Given  adequate  frequency  coverage,  would  this  difference  show  on  echo- 
grams?  One  might  also  expect  a  relatively  large  spectrum  of  swimbladder  sizes  from  the  meso¬ 
pelagic  fish  fauna  to  the  west  of  the  British  Isles. 

The  discovery  that  DSL's  are  widespread  in  the  ocean  caused  some  of  us  to  think  furiously, 
in  a  paper  read  to  the  Challenger  Sodety  in  1949  and  in  one  published  later  (Marshall,  1951), 

I  concluded  that  mesopelagic  fishes  with  gas-filied  swimbladders  seem  to  occur  over  most  of  the 
ocean.  It  appears  now  that  these  fishes  find  a  living  everywhere  except  in  extreme  polar  waters 
(the  Arctic  Ocean  and  waters  fringing  Antarctica).  In  a  later  paper  (Marshall,  I960)  and  a  book 
(in  press)  I  have  discussed  the  general  adaptations  of  these  fishes. 
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Euphausiid  shripips  were  the  first  pan-sound-vatterers  to  be  considered.  More  recently, 
Earhan.  (1963,  t966)  has  shown  that  physonect  siphonophores,  which  are  headed  by  a  gas-filled 
ftoat,  are  correlated  nicely  with  certain  sound-scattering  layers  off  southern  California.  It  will 
be  relevant,  then,  to  compare  and  contrast  the  organization  and  numerical  distribution  of 
euphausiids,  physonects,  and  mesopelagic  fishes. 

Physonect  siphonophores,  like  members  of  the  calycophoran  group,  consist  largely  of  gela¬ 
tinous  tissue.  They  are  gelatinous  carnivores  par  excellence,  just  as  pelagic  tunicates  are  gela¬ 
tinous  herbivores  par  excellence.  In  a  physonect,  the  most  expensive  tissue  system  to  maintain 
is  that  comprised  by  the  muscle  fibres,  which  are  concentrated  in  the  swimming  bells,  digestive 
members,  stem,  and  tentacles.  There  are  also  the  digestive  tissues  and  the  requirements  of 
reproduction.  But  the  entire  mass  of  living  tissue  accounts  for  less  than  5%  of  a  physonect’s 
weight.  Compared  to  its  size  and  polymorphic  deployment,  &  physonect  must  he  a  very  econom¬ 
ical  kind  of  predatory  behaviour  machine.  Doubtless  they  are  widespread  throughout  most  of 
the  ocean,  but  our  knowledge  is  limited,  largely  because  of  their  fragile  nature. 

Euphausiids  and  fishes  are  expensive  predatory  behaviour  machines.  Muscle  comprises  about 
a  third  of  a  euphausiid’s  weight  and  from  a  half  to  two-thirds  of  an  active  fish’s  weight.  Much  of 
a  euphausiid’s  energy  must  be  expended  on  diurnal  migrations,  food  gathering,  and  keeping  to  a 
level,  for  they  are  negatively  buoyant.  Concerning  their  food,  the  emphasis  in  textbooks  is  on 
their  herbivorous  habits.  Euphausiids  range,  however,  from  the  near-herbivorous  krill  (Euphau- 
m  superba )  to  near-carnivorous  forms  (e.g .,Stylocheiron  and Nematoscetis  spp.).  In  generri: 

“It  is  apparent  from  1)  estimations  of  the  biomass  of  euphausiids,  2)  studies  of  the  food  of 
euphausiids,  and  3)  the  array  of  predators  dependent  upon  them  for  their  nourishment, 
that  euphausiids,  along  with  the  copepods,  form  the  most  important  links  between  the 
primary  producers  and  the  primary,  secondary,  etc.,  predators  in  the  marine  food  chains.” 
(Mauchline  and  Fisher,  1969,  p.  380). 

Even  so,  the  number  of  euphausiids  under  wanner  oceanic  waters  (warm  temperate  to  tropical) 
are  not  many  times  greater  than  the  numbers  of  mesopelagic  fishes. 

Consider  first  the  catches  of  the  “Valdivia”  Expedition  with  metre  closing  nets  in  the  Atlantic 
and  Indian  Oceans.  In  88  hauls,  15,368  euphausiids  and  2,830  fishes  were  taken;  i.e.,  the 
euphausiid/fish  ratio  was  about  5 : 1  (the  totals  include  larval  stages).  In  the  Atlantic  Ocean, 
catches  by  the  Gauss  (German  Plankton  Expedition)  with  a  metre  net  again  gave  a  5: 1  ratio. 

Now  compare  these  figures  with  some  from  a  warm  temperate  sea,  the  Mediterranean.  Here 
Danish  Oceanographical  Expeditions  (1908-10),  using  mostly  a  Petersen  young-fish  trawl,  took 
149,887  euphausiids  to  58,979  fishes,  a  ratio  of  about  3: 1 .  (In  comparing  these  catches,  one 
must  remember  that  the  coarse-meshed  net  of  this  trawl  did  not  take  either  euphausiids  or  fish 
below  about  5  mm  in  length.) 

What  are  the  real  numbers  of  euphausiids  and  mesopelagic  fishes?  One  might  argue  that  the 
ratios  are  biased  because  fishes  are  able  more  easily  to  avoid  a  net  than  euphausiids.  Whatever 
the  actual  state  of  affairs,  it  is  clear  that  the  mesopelagic  fish  fauna,  which  consists  largely  of 
small-sized  (25-150  mm)  individuals  dependent  on  zooplankton,  has  tried  hard,  as  it  were,  to 
stay  as  dose  as  possible  to  the  euphausiid  level  of  the  food  pyramid  in  the  warm  ocean.  This  is 
not  altogether  a  difficult  evolutionary  feat,  considering  that  all  euphausiids  depend  to  some  ex¬ 
tent  on  zooplanktonic  food.  Think  also  of  fishes  of  the  genus  Cycbthone:  they  come  dose  to 
being  vertebrates  without  a  backbone.  The  smallest  spedes,  C.  pygmaea,  has  a  brain  of  about 
the  same  volume  as  that  of  a  honeybee. 

In  one  way  or  another,  sound  scattering  problems  have  led-and  will  1  ad-to  deeper  insight 
into  the  organization  and  ecology  of  rite  mesopelagic  fauna.  A  final  thought  concerns  the 
physonect  siphonophores.  They  are  designed  very  economically  as  deadly  drift  lines,  but  the 
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maximum  number  that  can  live  together  per  cubic  unit  of  the  sea  must  be  much  lower  than  the 
corresponding  figures  for  fishes  and  euphausiids.  These  animals  have  the  right  shape  and  sen¬ 
sory  equipment  to  form  schools  or  swarms,  which  is  not  to  say  that  physonects  are  too  sparse 
to  give  rise  to  DSL’s.  Biologists,  of  course,  look  forward  to  the  day  when  fish  and  physonect 
traces  can  be  identified  as  such.  What  about  the  contributions  of  the  crustaceans,  particularly 
euphausiids? 
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SWIMBLADDER  GAS  SECRETION  AND  ENERGY  EXPENDITURE 
IN  VERTICALLY  MIGRATING  FISHES 

R.  McN.  Alexander 
University  of  Leeds 
Leeds,  England 

ABSTRACT 

A  fish  that  has  a  swim  bladder  and  makes  vertical  migrations  must  either  adjust  the  quan¬ 
tity  of  gas  in  its  swimbiadder  or  suffer  the  penalty  of  changing  density. 

Gas  that  is  to  be  secreted  into  the  swimbiadder  must  be  obtained  from  solution  in  the 
sea,  and  work  must  be  done  to  increase  its  partial  pressure  to  the  value  in  the  swimbiadder. 

An  expression  is  obtained  for  the  total  amount  of  work  that  would  be  requited  in  a  descent 
if  the  volume  of  the  swimbiadder  were  kept  constant  throughout.  Values  are  calculated  for 
secretion  of  oxygen,  using  typical  vertical  distributions  of  partial  pressure  of  dissolved  oxygen. 

If  gas  is  not  secreted,  vertical  hydrodynamic  forces  are  required  for  equilibrium.  Addi¬ 
tional  work  must  be  done  in  swimming  against  the  induced  drag  associated  with  these  forces. 

It  is  shown  that  this  work  is  greater  than  the  work  needed  to  secrete  gas  and  keep  the  den¬ 
sity  constant  for  small  daily  migrations  near  the  surface,  but  not  for  daily  migrations  to  great 
depths.  This  is  disct  ^  in  the  light  of  existing  evidence  about  the  behaviour  of  vertically 
migrating  Ashes,  including  evidence  from  observations  of  sound  scattering. 

INTRODUCTION 

Many  species  of  teleost  make  daily  vertical  migrations,  swimming  toward  the  surface  at  dusk 
and  away  from  it  at  dawn.  The  herring,  Gupea  harengus  L.,  and  other  Chipeidae  spend  the  night 
near  the  surface  and  the  day  at  greater  depths,  which  may  be  as  much  as  150  m  (Blaxter  and 
Holliday,  1963).  Some  smaller  pelagic  marine  fishes,  among  which  the  Myctophidae  are  the  most 
common,  make  daily  vertical  migrations  of  several  hundred  metres  (Marshall,  1960).  Some  come 
right  to  the  surface  at  night;  others  never  come  nearer  the  surface  than  100  m  or  more.  Mycto¬ 
phidae  observed  by  Barham  (1966)  spent  the  night  at  around  50  m  and  the  day  at  around  300  m. , 
Various  other  teleosts  such  as  cod  (Gadus  morhua  L.),  which  live  in  relatively  shallow  water, 
spend  the  day  dose  to  the  bottom  and  swim  up  some  tens  of  metres  at  night  (Beamish,  1966). 
Some  freshwater  fishes  also  make  daily  vertical  movements  (Northcote,  1967).  Much  of  the  in¬ 
formation  summarized  in  this  paragraph  has  been  obtained  by  echo  sounding,  and  vertically 
migrating  fishes  appear  to  be  a  mgjor  constituent  of  the  well-known  deep  scattering  layers  (see, 
for  instance,  Barham,  1966;  Heney,  Backus,  and  Hellwig,  1962). 

These  fishes  owe  their  sound-scattering  properties  largely  to  the  possession  of  a  gas-filled 
swimbiadder.  The  swimbiadder  gives  buoyancy;  but  as  the  volume  of  a  swimbiadder  is  affected 
by  external  pressure,  a  swimbiadder  containing  a  given  quantity  of  gas  will  only  give  a  fish  ex¬ 
actly  neutral  buoyancy  at  one  particular  depth.  The  available  evidence  (Alexander,  1966, 1967) 
suggests  that  most  vertically  migrating  fishes  have  neutral  buoyancy  at  or  near  their  minimum 
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(nighttime)  depth,  but  it  is  doubtful  whether  any  fishes  adjust  the  quantity  of  gas  in  the  swim- 
biadder  to  maintain  neutral  buoyancy  as  they  descend.  Herring  seem  to  be  unable  to  secrete  gas 
into  their  swim  bladders  (Brawn,  1962).  They  can  add  air  to  the  swimbladder  by  gulping  at  the 
surface,  but  this  addition  would  not  enable  them  to  maintain  neutral  buoyancy  in  any  substan¬ 
tial  descent.  Several  species  that  leave  the  bottom  at  night  have  been  caught  at  the  bottom  by 
day  and  found  to  have  too  little  gas  in  their  swimbladders  for  neutral  buoyancy  at  that  depth 
(Scholander,  Claff,  Teng,  and  Walters,  195 1).  Observing  shifts  of  scattering  frequency  during 
vertical  movements  of  deep  scattering  layers,  Hersey,  Backus,  and  Hellwig  (1962)  suggest  that 
some  fishes  maintain  neutral  buoyancy  by  secreting  gas  into  their  swimbladders  as  they  descend, 
whereas  others  do  not  secrete  at  all;  but  this  suggestion  was  based  on  an  observation  made  on 
one  occasion  only. 

This  paper  discusses  whether  it  would  be  desirable  for  the  fishes,  if  they  were  able  to  do  so, 
to  maintain  neutral  buoyancy  by  secreting  gas  into  the  swimbladder  as  they  descended  and  re¬ 
moving  it  as  they  ascended.  The  question  is  one  of  energy.  Consider  a  fish  Hat  has  neutral 
buoyancy  at  a  particular  depth.  Let  it  swim  deeper  so  that  the  swimbladder  gases  are  compressed 
and  it  becomes  more  dense  than  the  water.  It  then  has  two  alternatives:  either  it  may  compen¬ 
sate  by  using  its  fins  to  provide  hydrodynamic  lift  as  it  swimr,  or  it  may  secrete  more  gas  into 
the  swimbladder  to  restore  neutral  buoyancy.  Either  alternative  involves  expenditure  or  energy. 

I  will  estimate  and  compare  the  amounts  of  energy  involved  for  fishes  that  make  daily  vertical 
migrations  of  various  extents. 

WORK  FOR  GAS  SECRETION 

I  will  estimate  the  work  required  to  maintain  by  gas  secretion  the  constant  swimbladder  vol¬ 
ume  required  for  neutral  buoyancy  in  a  vertical  migration.  Kanwisher  and  Ebeling  (1957)  at¬ 
tempted  to  estimate  this  work,  but  their  attempt  will  be  criticized. 

The  number  of  moles  of  gas,  Af,  required  to  fill  a  swimbladder  of  volume  V  at  pressure  P  and 
absolute  temperature  T  is  given  by 


where  R  is  the  gas  constant.  Hence  it  can  be  shown  by  partial  differentiation  that  the  number  of 
moles  8M  that  must  be  added  to  maintain  the  constant  volume  V  when  the  pressure  increases  by 
a  small  amount  from  P  to  (P  +  BF)  is  given  by 


BM  - 


V-BP 

RT 


0) 


This  gas  must  be  obtained  through  the  gills  from  the  surrounding  water,  in  which  it  is  dis¬ 
solved  at  partial  pressure  Q.  When  it  is  secreted  into  the  swimbladder,  its  partial  pressure  is  in¬ 
creased  to  (P  -  A),  where  A  is  the  partial  pressure  of  other  gases  in  the  swimbladder.  If  only 
one  gas  is  secreted,  A  will  remain  constant.  The  amount  of  work  required  to  compress  a  mole 
of  gas  iso  therm  ally  at  temperature  ffrom  pressure  Q  to  pressure  (P- A)  isJMTlo^  [(P- IQ/Q] 
(Glasstone  and  Lewis,  1962),  so  that  the  minimum  amount  of  work  5  W  that  could  accomplish 
the  required  secretion  of  BM  moles  of  gas  is  given  by 

BW  •  RT-  Mflofr 
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and  from  this  and  equation  (1) 


V-  SPlo^KP-fO/Q] 


Hence  the  minimum  total  amount  of  work  W  that  is  required  to  keep  the  swimbladder  volume 
constant  as  the  pressure  increases  from  Px  to  Px  is  given  by 


fPi 

W*V  J  loge[(r-K)IQ]  dP 


In  the  simple  case  where  Q  and  K  do  ndt  change  with  depth, 

V[(Pt -K)ln(P,  -*)-(/>,-*)  ln(f>,  -A)  “0*2  ~?i)(l+lnQ)  (4) 

If  Q  and  K  are  not  both  constant,  equation  (4)  does  not  apply,  but  W  can  still  be  obtained  by 
numerical  methods  from  equation  (3). 

Kanwisher  and  Ebeling  (1957)  gave  an  equation  purporting  to  give  W,  but  it  seems  to  be  an 
erroneous  version  of  (2)  with  the  symbol  6  omitted  from  both  sides  of  the  equation,  Pi  confused 
with  Q,  and  K  omitted.  The  values  of  W  shown  in  their  Figure  2  are  considerably  higher  than 
those  obtained  in  this  paper. 

The  swimbladders  of  fishes  generally  are  filled  mainly  with  oxygen  and  nitrogen.  At  depths 
down  to  about  200  m,  the  partial  pressure  of  nitrogen  in  the  swimbladder  is  generally  about 
80  kN/raJ ,  the  came  as  its  partial  pressure  in  the  atmosphere  (Scholander  et  a!.,  1951;  but  see 
Scholandsr  and  van  Dam,  1953).  Oxygen  can  be  secreted  into  the  swimbladder  very  much  faster 
than  nitrogen  (Finge,  1966),  and  a  fish  keeping  its  swimbladder  volume  constant  in  a  descent 
presumably  would  secrete  almost  pure  oxygen.  We  will  assume  that  only  oxygen  is  secreted  and 
that  the  partial  pressure  K  of  other  gases  in  the  swimbladder  is  constant  and  equal  to  80  LN/mJ . 

The  partial  pressure  of  dissolved  oxygen  in  the  water  is  represented  by  Q.  When  photo¬ 
synthesis  can  be  ignored  (as  is  generally  true  in  the  sea),  Q  will  not  exceed  the  partial  pressure  of 
oxygen  in  die  atmosphere  (20  kN/mJ)  at  any  depth.  In  the  most  favourable  conditions 
imaginable  for  the  fishes  we  are  considering,  Q  would  be  20  kN/m*  at  aQ  depths.  Such  ideal  con¬ 
ditions  do  not  oocur ;  two  observed  distributions  of  partial  pressure  of  oxygen  are  diown  in 
Figure  1.  The  ideal  Q  is  shown  by  the  top  line  (a).  Distribution  (b),  from  the  northern  end  of  the 
ffcdfic  Ocean,  shows  a  moderate  oxygen  minimum ;  distribution  (c),  from  near  the  Pacific  coast 
of  Mexico,  shows  a  marked  oxygen  minimum. 

Figures  2  and  3  show  values  of  fits  work  per  unit  swimbladder  volume,  W/V,  required  for 
secretion  of  gas  in  migration  from  the  surface  (Fig.  2)  or  from  100  m  (Fig.  3)  to  various  depths: 
(a),  calculated  from  equation  (4),  assuming  that  the  partial  pressure  of  dissolved  oxygen,  Q,  is 
20kN^n*  at  all  depths;  (b),  obtained  by  numerical  methods  from  equstioo  (3)  giving  Q  the 
vahies  shown  in  Figure  1,  curve  (b);  and  (c)  obtained  in  the  same  way,  giving  Q  the  values  shown 
in  Figure  1.  curve  (c). 

As  ooe  would  expect,  these  graphs  show  that  the  mors  marked  the  oxygen  minimum,  the 
more  work  is  required  to  secrete  oxygen  while  migrating  through  it.  The  work  required, 
however,  to  migrate  from  ths  surface  to  a  given  depth  hi  the  least  favour  able  conditions  con' 
ddsred  (c)  is  shvaya  less  than  twice  ths  work  requfaed  in  tbs  ideal  conditions  («).  Ths  oxygen 
minimum  makes  leas  difference  to  the  work  required  for  secretion  than  one  might  suppose. 
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Figure  1.  Graphs  of  partial  pressure  of  dissolved  oxygen 
against  depth  in  the  sea.  The  ideal  situation,  (a)  with  the 
water  at  all  depths  in  equilibrium  with  the  atmosphere, 
(b)  as  observed  at  30*N,  175*W  and  (c)  as  observed  at 
20°N,  I0S*W.  Data  from  Sverdrup,  Johnson,  and  Ffcmiag 
(IM2). 


WORK  FOR  HYDRODYNAMIC  COMPENSATION 

Suppose  that  the  ffch  does  not  secrete  oxygen,  but  ieavss  the  quantity  of  gas  in  its  swim* 
bladder  unchanged  and  compensates  for  loss  of  buoyancy  by  generating  hydrodynamic  lift.  If 
the  swfanbtadder  has  volume  Kata  depth  where  the  preaaure  is  ft ,  it  wili  ham  a  volume 
( K-  AK)  at  pleasure  P,  where,  by  Boyle’s  Law 

/>,K-P,(K- AK) 


AK- 


K  (Pi  -  Pt ) 
Pa 


(S> 


If  the  fhh  had  neutral  buoyancy  at  pteasurePt  it  wM  haste  wei^rt  In  waterpfAKat 
pressure  Pi,  where  p  Is  thedemity  of  the  water.  Whan  it  swims  at  this  piastre,  it  must  gener- 
ate  hydrodynamic  lift  pg  A V •  pfV (P,  -P,)/Pa.  This  lift  can  be  obtained  only  at  the  expense 
of  drag,  and  the  ffch  will  be  obliged  to  do  worit  against  additional  drag  as  It  swims. 

Suppose  that  the  fish  swims  afi  the  time  at  the  tame  spaed.  It  could  obtain  the  rsqdwi  lift  by 
surimming  with  the  body  at  a  positive  angle  of  attack  but  it  warns  from  the  work  of  Ohlmer 
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Figure  2.  Estimated  daily  work  requirements  for  fishes  that 
make  daily  vertical  migrations  from  the  surfce  to  the  depths 
shown.  The  continuous  lines  show  WjV  (equations  3  and  4)  for 
a  fish  that  maintains  buoyancy  by  secreting  oxygen  into  the 
swim  bladder,  when  die  vertical  distribution  of  oxygen  is  as 
shown  in  Figure  1  (a),  (b),  and  (c).  The  broken  lines  show 
WJV  (Equation  6)  for  Ashes  that  do  not  secrete  but  compen¬ 
sate  for  loss  of  buoyancy  by  generating  hydrodynamic  lift,  at 
swimming  speeds  of  10  and  30  cm/sec. 


(1964)  that  the  ratio  of  lift  to  induced  drag  would  be  very  low,  making  the  energy  coat  of  the 
lift  high.  It  seems  likely  that  the  major  part  of  the  lift  would  be  obtained  by  extending  the 
pectoral  fins  and  using  them  as  hydrofoils.  Ssnk  is  known  to  use  its  fins  this  way:  it  hat  no 
swim  bladder  and  consequently  is  always  denser  than  sea  water  (Magnuson  and  Prescott,  1966). 
Consider  a  teleost  between  10  and  30  cm  long.  The  Reynolds  number  of  its  extended  pectoral 
flns  is  of  the  order  of  10*  when  it  is  cruising  slowly  tt  tbout  1  body  iangth/sac.  (On  ths  relation- 
ship  between  fish  length  and  swimming  spaed,  see,  for  instance,  Alexander,  1967.)  Many  in¬ 
sect  wings  work  at  similar  Reynolds  numbers.  The  maximum  ratio  of  aft  to  drag  obtatakbll  with 
a  locust  wing  at  a  Reynolds  number  of  4,000  is  about  8 ;  with  a  DrotopMk  wing  at  •  Reynolds 
number  of  200,  about  2 ;  and  with  butterfly  wings  at  Reynolds  numbers  around  3,000,  about  3 
(see  references  in  Alexander,  1968).  Hence  it  seems  unlikely  that  the  fins  could  achieve  •  ratio 
of  itft  to  drag  better  than  about  5.  Ths  value  of  10  previoudy  suggested  (Alexander,  1966)  was 
based  on  information  from  aerofods  at  higher  Reynolds  numbers. 

We  may  thus  estimate  that  the  extra  drag  that  the  Ash  must  suffer  to  obtain  the  lift  is  l&siy 
to  be  about  0.2  of  the  lift,  or  0.2  *  K(f,  -f,)/f,.  If  the  Adi  suffers  this  drag  for  12  hows 
(43  x  10*  sac.)  while  cruising  with  velocity  V,  it  wiB  do  erode  I/,  where 

|r..i>IOl>TO  (6) 
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Figure  3.  As  Figure  2,  but  for  vertical  migration  between 
100  m  and  the  depth*  don 


Values  of  W'fV  for  V  =  10  cm/sec  and  U  *  30  an /sec  are  shown  in  Figure  2  for  migration  be¬ 
tween  the  surface  (Pt  *  100  kN/ma )  and  various  depths.  Values  are  shown  in  Figure  3  for 
migration  between  100  m  (/’j  *  1.1  MN/mJ)  and  various  depths.  The  curves  in  both  figures 
approach  asymptotically  the  values  of  9  and  27  j/ml,  which  would  apply  for  swimming  at  10  and 
30  cm/sec,  respectively,  if  the  swim  bladder  were  compressed  to  the  vanishing  point. 

We  have  made  the  assumption  (which  appears  to  be  realistic,  from  the  evidence  dted  fat  the 
introduction)  that  the  fuh  has  neutral  buoyancy  at  the  lesser  of  the  two  depths  between  which 
it  it  mipaUng.  If  we  had  asaumed  instead  that  the  constant  quantity  of  gas  in  the  twimbladuer 
gave  neutral  buoyancy  at  the  greater  of  the  two  depths  we  would  have  found  more  work  was 
needed  to  generate  the  hydrodynamic  lift  (which  would  in  that  case  be  negative).  A  swirabbdder 
cannot  be  compressed  beyond  the  vanishing  point  but  it  can  expand  at  reduced  pressures  to 
many  times  the  volume  required  for  neutral  buoyancy. 

!  have  also  assumed  that  the  fhhee  being  considered  have  the  habit  of  swimming  continuously. 
1  could  have  assumed  that  when  they  have  neutral  buoyancy,  they  spend  much  of  their  time 
havering  motionless,  but  that  they  have  to  keep  swimming  when  they  descend  so  that  they  can 
generate  hft.  Using  this  taumption,  larger  values  would  have  bean  obtained  for  the  work  oeedel 
It  would  have  been  an  unrealistic  assumption  that  the  fishes  hover  at  afl  depths,  using  fin  move- 
menu  where  necessary  to  competuate  for  changes  of  buoyancy  :  the  teieosu  that  have  been 
tested  can  eomptnaate  by  fin  movements  only  for  small  changes  of  swanbbdder  volume 
(Alexander,  19d6). 

DISCUSSION 

We  can  now  compart  the  work  W  done  by  a  fish  mcretiag  oxygen  to  keep  the  swfanbtodder 
volume  constant  in  iU  defy  vertical  migrations  with  the  work  W  that  otherwiae  would  have  to 
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be  done  to  overcome  the  drag  incurred  in  generating  hydrodynamic  lift.  Figures  2  and  3  suggest 
that  W is  less  than  W '  for  small  vertical  migrations  near  the  uirface,  and  greater  than  W'  for 
migrations  to  substantial  depths.  Whether  secretion  or  hydrodynamic  compensation  will  be  more 
economical  of  energy  for  a  fish  migrating  between  particular  depths  must  depend  on  knowledge 
or  assumptions  about  the  efficiencies  of  the  processes  involved  in  doing  these  two  very  different 
types  of  work. 

Measurements  of  the  oxygen  consumption  of  swimming  fish  indicate  efficiencies  of  conver¬ 
sion  of  chemical  energy  to  work  against  drag  of  2.5%  to  6%  or  a  little  more  (Alexander,  1967; 
the  figures  given  ignore  pressure  drag  and  ought  to  be  increased  accordingly.)  There  are  no 
published  values  for  the  efficiency  of  the  process  of  gas  secretion  in  the  swimbladder;  but  we 
might  guess  that  it  is  not  grossly  unlike  the  efficiencies  of  other,  admittedly  very  different, 
processes  of  secretion  that  have  been  investigated.  Dr.  C.  R.  Fletcher  has  contributed  informa¬ 
tion  about  these  efficiencies,  and  they  seem  unfortunately  to  be  varied.  Fletcher  has  calculated 
from  data  given  by  Holmes  and  Stanier  (1966)  and  Rao  (1968)  that  the  efficiency  of  ion 
transport  in  osmoregulation  in  trout  is  2.7%  in  water  of  157*.  salinity  and  1 1.1%  in  water  of  307» 
salinity.  The  efficiency  of  ion  transport  in  the  rabbit  gallbladder  can  be  estimated  as  27%,  that 
of  acid  secretion  in  the  frog  gastric  mucosa  as  27%  or  more,  and  that  of  potassium  secretion  by 
the  stria  vascularis  of  the  mammal  cochlea  as  at  least  40%  (Keynes,  1969).  Ignorance  about 
efficiencies  makes  caution  necessary  in  the  following  discussion. 

A  myctophid  about  10  cm  long  may  be  expected  to  swim,  when  cruising  slowly,  at  around 
10  cm/sec.  It  makes  daily  vertical  migrations  of  several  hundred  metres,  with  the  highest 
point  either  near  the  surface  or  at  a  depth  of  a  few  hundred  metres.  Figure  2  indicates  that  a 
myctophid  starting  at  the  surface  would  require  less  work  for  hydrodynamic  compensation  at  a 
swimming  speed  of  lOcm/aec  than  would  be  needed  for  maintaining  buoyancy  by  gas  secretion 
even  in  situation  (a),  so  long  as  it  descended  to  more  than  about  200  m  (as  myctophids  seem  to 
do).  Figure  3  indicates  that  a  myctophid  starting  at  100  m  would  also  need  lets  work  for 
hydrodynamic  compensation  than  it  would  for  gas  secretion,  provided  it  descended  to  more 
than  about  200  m.  Provided  that  the  efficiency  of  gas  secretion  is  not  too  much  higher  than  the 
efficiency  of  swimming,  it  is  more  economical  for  a  typical  myctophid  to  use  hydrodynamic 
compensation  than  gas  accretion.  Maintenance  of  buoyancy  by  gas  secretion  would  in  any  case 
require  a  my  remarkable  rate  of  uptake  of  oxygen  at  the  gUb  (Marshall,  I960). 

Adult  herrings  ate  about  70  cm  long  and  probably  would  normally  cruise  at  about  30  cm/sec 
in  still  water  (they  swim  faster  when  necesary  to  keep  station  in  tidal  currents,  Jones,  1962). 

They  make  much  mailer  vertical  migrations  than  myctophids  make.  Figure  2  indicates  that  a 
herring  starting  at  Urn  surface  would  requhe  more  work  for  hydrodynamic  compensation  at  a 
swimming  speed  of  30  cm/eec  than  it  would  require  for  main  tabling  buoyancy  by  gas  secretion, 
unless  it  descended  to  depths  far  greater  than  the  obearvcd  maximum  of  about  150  m.  Pro¬ 
vided  that  the  efficiency  of  gat  secretion  is  not  too  much  lower  than  the  efficiency  of  swimming, 
it  would  be  more  economical  for  a  herring  to  use  gas  secretion  instead  of  hydrodynamic  com¬ 
pensation.  Why  has  the  herring  not  evolved  the  ability  to  main  trie  neutral  buoyancy  in  its 
vertical  migrations? 

Let  us  aw  whether  the  rate  at  which  it  would  have  to  take  up  oxygen  from  foe  aea  would  be 
exoeanve.  Consider  a  rather  large  migration  from  the  eurfece  to  a  depth  of  100  m.  Hi*  mats  of 
oxygen  of  density  1.3  mg/ml  that  would  have  to  be  added  to  the  awtabbdder  to  keep  its 
volume  constant  at  V  ml  would  be  13  V  mg-  The  work  required  for  its  eecrehoo  (Fig.  2)  would 
be  about  3Kj,  which  would  require  metabottm  involving  0.2  V  mg  oxygen  (Bei,  Davidson,  and 
Scarborough,  1965)  if  the  process  were  100%  efficient  and  2Kmg  oxygen  tf  it  were  10% 
efficient.  Hence  the  total  quantity  of  oxygw  required  to  provide  the  gas  and  energy  for 
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secretion  would  probably  be  about  15Fmg.  (This  total  would  not  be  affected  very  much  by 
quite  large  variations  in  efficiency.)  The  volume  of  the  swimbladder  of  a  herring  at  neutral 
buoyancy  is  about  40  ml/kg  body  weight  (Brawn,  1962);  therefore  this  oxygen  requirement  is 
about  600  mg/kg  body  weight. 

Brett  (1964)  found  that  50-g  Onchorhynchus,  which  used  around  100  mg  oxygen/kg  hr  when 
swimming  slowly,  could  take  up  as  much  as  800  mg/kg  hr  when  swimming  fast.  Such  a  fish 
could  provide  the  swimbladder  with  600  mg  oxygen/kg  body  weight  in  a  few  hours  if  the  swim- 
bladder  could  use  it.  A  fish  the  size  of  an  adult  herring  (about  200  g)  could  not  be  expected  to 
take  up  oxygen  at  a  rate  quite  so  high  in  proportion  to  the  body  weight  (Fry,  19S7),  but  the 
required  rate  of  supply  of  oxygen  to  the  swimbladder  is  still  not  beyond  the  likely  capability  of 
the  gills. 

Pomatomus,  however,  which  secretes  gas  faster  than  any  other  teleost  that  has  been  investi¬ 
gated,  takes  about  4  hours  to  refill  its  swimbladder  after  it  has  been  emptied  (Wittenberg, 
Schwend,  and  Wittenberg,  1964).  Thus,  it  could  not  maintain  buoyancy  by  gas  secretion  in 
descents  faster  than  2.5  m/hour,  which  is  much  slower  than  the  descent  of  herring.  It  is  not 
clear  why  secretion  should  be  so  slow;  it  seems  likely  that  faster  secretion  would  be  advantageous 
to  fishes  that  make  daily  vertical  migrations  within  100  m  of  the  surface  of  the  sea. 

SUMMARY 

A  fish  that  makes  daily  vertical  migrations  must  either  secrete  gas  into  its  swimbladder  to 
maintain  neutral  buoyancy  in  its  descents  or  compensate  for  loss  of  buoyancy  by  generating 
hydrodynamic  lift.  Secretion  would  require  more  work  than  hydrodynamic  compensation  in 
large  vertical  migrations,  especially  by  fishes  that  swim  slowly.  The  reverse  is  true  of  small 
vertical  migrations  by  fishes  that  swim  fast.  Hydrodynamic  compensation  is  probably  more 
economical  of  energy  for  myctophids,  but  secretion  (if  fast  enough  secretion  were  possible) 
would  probably  be  more  economical  for  herring. 


REFERENCES 

Alexander,  R.  McN.  1966.  Physical  aspects  of  swimbladder  function.  Bird.  Rev.  41:141-176. 

Alexander,  R.  McN.  1967.  Functional  design  in  fishes.  London.  Hutchinson  Publishing 
Group  Ltd. 

Alexander,  R.  McN.  1968.  Animal  mechanics.  London:  Sidgwkk  A  Jackson,  Ltd. 

Barham,  E.  G.  1966.  Deep  scattering  layer  migration  and  composition:  observations  from  a 
diving  saucer.  Science  151:1399-1402. 

Beamish,  F.  W.  H  1966.  Vertical  migration  by  demersal  fish  in  the  northwest  Atlantic. 

J  Fuk.  Res  Bd  Can.  23: 109-139. 

BeU.G.  H  ,  Davidson,  J.  N.,  and  Scarborough,  H.  1965.  Textbook  of  physiology  and 
biochemistry.  Ed.  6.  Edinburgh:  Livingstone. 

Btarter,  J.  H.  S.,  and  Holliday,  F.  G.  T  1963.  The  behaviour  and  physiology  of  herring  and 
other  dupeids.  Adv.  Mar  Biot  1:261-393. 

Biiwn,  V.  1962.  Physical  properties  and  hydrostatic  function  of  the  swimbladder  of  herring 
(Clupea  harengus  L.)  J.  Fbk  Ret  Bd.  Can.  19:635-656. 

Brett,  J.  R  1964.  The  respiratory  metabolism  and  swimming  performance  of  your*  sockeye 
salmon.  /  Fisk  Ret  Bd  Cen.  211 183-1226. 

Fange,  R.  1966.  Physiology  of  the  swimbladder.  Pkyitoi.  Rev.  46:299-322, 


82 


ALEXANDER 


Fry,  F.  E.  J.  1957,  The  aquatic  respiration  of  fish.  Vol.  1,  pp.  1-63.  In  M.  E.  Brown  [ed.j ,  The 
physiology  of  fishes.  New  York:  Academic  Press. 

Glasstone ,  S.,  and  Lewis,  D.  1962.  Elements  of  physical  chemistry  Ed.  2.  London:  Macmillan 
&  Co.,  Ltd. 

Hersey,  J.  B.,  Backus,  R.  H.,  and  Hellwig.  J.  1962.  Sound-scattering  spectra  of  deep  scattering 
layers  in  the  western  North  Atlantic  Ocean.  Deep  Sea  Res.  8: 196-210. 

Holmes,  W.  N.,  and  Stanier,  I.  M.  1966.  Studies  on  the  renal  excretion  of  electrolytes  by  the 
trout  (Saimo  gairdneri).J.  Exp.  Biol.  44:3346. 

Jones,  F,  R.  H.  1962.  Further  observations  on  the  movements  of  herring  ( Clupea  harengus  L.) 
shoals  in  relation  to  tidal  currents.  /  Cons.  Perm.  Int.  Explor.  Mer.  27:52-76. 

Kanwisher,  J  ,  and  Ebeling,  A.  1957.  Composition  of  the  swimbladder  gas  in  bathypelagic  fishes. 
Deep  Sea  Res.  4:211-217. 

Keynes,  R.  D.  1969.  From  frog  skin  to  sheep  rumen:  a  survey  of  transport  of  salts  and  water 
across  multicellular  structures.  Quart.  Rev.  Biophys.  2:177-281. 

Magnu^on,  J.  J.,  and  Prescott,  J.  H.  1966.  Courtship,  locomotion,  feeding  and  miscellaneous 
behaviour  c? Pacific  Bonito  (Sarda  chiliensis).  Anim.  Behav.  14:54-67. 

Marshall,  N.  B.  1960,  Swimbladder  structure  of  deep-sea  fishes  in  relation  to  their  systematics 
and  biology.  Discovery  Rep.  31: 1-122. 

Northcote,  T.  G.  1967.  The  relation  of  movements  and  migrations  to  production  in  freshwater 
fishes,  pp.  315-344.  In  S.  D.  Gerking  [ed.j ,  The  biological  basis  of  freshwater  fish  production. 
Oxford:  Blackwell. 

Ohlmer,  W.  1964.  Untersuchungen  uber  die  Beziehungen  zwischen  Korperform  und 

Bewegungsmedium  bei  Fischen  aus  stehenden  Binnengewassem.  Zool.  Jb.  (Anat.)  81:151-240. 

Rao,  G.  M.  M.  1968.  Oxygen  consumption  of  rainbow  trout  {Saimo  gairdneri)  in  relation  to 
activity  and  salinity.  Can.  J.  Zool.  46:781-786. 

Scholander,  P.  F.,  Claff,  C.  L.,  Teng,  C.  T.,  and  Walters,  V.  1951.  Nitrogen  tension  in  the  swim- 
bladder  of  marine  fishes  in  relation  to  depth.  Biol.  Bull.  Mar.  Biol.  Lab.,  Woods  Hole 
101: i 78-  J93. 

Scholander,  P.  F.,  and  van  Dam,  L.  1953.  Composition  of  the  swimbladder  gas  in  deep  sea  fishes. 
Biol.  Bull,  Mar.  Biol.  Lab.,  Woods  Hole  104:75-86. 

Sverdrup,  H.  U.,  Johnson,  M.  W.,  and  Fleming,  R.  H.  1942.  The  oceans:  their  physics,  chemistry 
and  general  biology.  New  York:  Prentice-Hall,  Inc. 

Wittenberg,  J.  B.,  Schwend,  M.  J.,  and  Wittenberg,  B.  A.  1964.  The  secretion  of  oxygen  into  the 
swimbladder  of  fish.III  The  role  of  carbon  dioxide.  J.  Gen.  Physiol.  48:337-355. 


DISCUSSION 

Clarke,  W.  We  made  some  dives  in  the  Gulf  of  Mexico  looking  at  fish  in  the  midwater  com¬ 
munity,  and  one  of  the  things  we  noted  about  the  lanternfish  there  was  that  they  character¬ 
istically  swam  with  their  tails  and  folded  their  fins  into  the  body.  They  would  do  two  or  three 
lunges  like  this  and  then,  once  their  forward  movement  would  stop,  they  would  spread  their 
fins  again.  Now  admittedly  this  was  unde*  c'tifical  circumstances,  since  they  were  within  the 
light  field  of  the  submersible.  But  we  repeatedly  observed  this  behavior  while  watching  them  in 
midwater.  Whether  this  is  the  case  for  all  species  of  lanternfish  I  do  not  know,  but  in  this 
particular  instance  they  apparently  were  not  using  their  fins  for  lift. 
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Alexander:  But  you  say  they  were  holding  their  fins  out? 

Qarke,  W.:  After  they  stopped. 

Alexander:  When  they  were  stationary  or  when  they  were  gliding  forward? 

Clarke,  W.:  They  would  fold  their  fins,  swim  with  their  tails,  then  once  their  forward  motion 
stopped,  they  would  spread  their  fins.  But  again,  this  is  just  an  observation. 

Alexander:  It  is  a  very  interesting  one.  Do  you  know  whether  these  particular  fishes  had  gas- 
filled  swimbladders? 

Qarke,  W.:  That  you  would  have  to  ask  Haedrich,  or  Rosenblatt,  or  Pearcy,  I  am  not  sure  what 
the  species  was,  but  we  could  probably  run  it  down. 

Pearcy:  There  are  several  bits  of  evidence  suggesting  that  some  myctophids  with  gas-filled 
swimbladders  are  neutrally  buoyant  at  depth:  (1)  During  Alvin  dives,  Backus  and  others 
observed  that  Ceratoscopelus  madarensis  hung  motionless  in  the  water,  apparently  neutrally 
buoyant,  at  daytime  depths  of  300-600  m.  This  species  has  a  gas-filled  swimbladder;  (2)  Hersey, 
Backus  and  Hellwig  noted  that  peak  resonant  frequencies  from  scattering  layers  sometimes 
changed  as  the  half-power  of  pressure  during  diel  migration.  This  suggests  that  the  size  of  the 
resonating  swimbladder  remains  constant  and  neutral  buoyancy  is  actively  maintained  by 
secretion  and  resorption;  (3)  The  rete,  gas  gland  and  oval  of  fishes  with  gas-filled  swimbladders 
that  do  migrate  vertically  are  very  well  developed,  as  Dr.  Marshall  has  shown;  (4)  Kanwisher  and 
Ebeling  found  a  very  high  percentage  of  oxygen  in  the  gas  from  swimbladders  of  some  lantern- 
fishes  that  were  collected  after  they  migrated  to  the  surface  at  night.  This  is  indirect  evidence 
that  the  gas  was  secreted  at  depth  before  migration  to  the  surface. 

Alexander:  I  doubt  whether  the  presence  of  a  well-developed  rete  can  be  regarded  as  evidence 
that  the  fish  maintains  neutral  buoyancy.  If  a  fish  has  a  gas-filled  swimbladder  and  goes  down  to 
a  substantial  depth,  then  even  if  it  allows  its  swimbladder  to  be  compressed,  there  must  be  a 
loss  of  oxygen  from  the  swimbladder  by  diffusion  which  must  ne  made  good  by  secretion.  It 
might  be  that  the  rete  was  merely  there  to  make  up  for  what  was  lost  accidentially  in  that  way. 

Barham:  There  is  one  thing  that  we  have  noticed  on  many  occasions  which  tends  to  fit  in  with 
your  hypothesis.  Off  the  coast  of  Mexico,  where  we  are  dealing  with  scattering  layers  that  we 
are  quite  convinced  are  comprised  largely  of  myctophids,  we  see  them  migrate  down  in  the 
daytime  and  after  they  reach  their  daytime  depth,  their  trace  disappears-  The  echogram  that 
you  were  getting  shows  a  beautiful  layer,  but  when  they  reach  daytime  level,  then  in  about  half 
an  hour,  if  you  leave  the  gain  alone  and  conditions  stay  the  same,  the  layer  disappears,  later  in 
the  afternoon  it  starts  coming  up  again,  and  you  start  picking  it  up  again.  We  have  noticed  this 
many  times.  It  looks  as  if  something  were  running  out  of  gas. 

Ebeling:  We  have  made  numerous  measurements  of  the  gas  content  in  swimbladders  of  fishes 
that  probably  do  not  undergo  diel  vertical  migrations,  mainly  rock  fishes  and  perhaps  hatchet 
fishes.  The  swimbladders  of  individuals  recently  trawled  to  the  surface  contained  mostly 
oxygen,  as  much  as  90%. 

D’Aoust:  There  is  another  point  that  has  not  been  mentioned,  namely  that  oxygen  consump¬ 
tion  may  be  a  rather  poor  estimate  of  the  energy  that  the  fish  is  expending  at  any  one  time. 
Glycolysis  is  a  major  energetic  pathway  in  fish  muscle,  so  oxygen  consumption  may  be  a  con¬ 
servative  estimate  of  momentary  work. 
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Alexander:  You’re  not  suggesting,  are  you,  that  fish  behave  like  tapeworms,  getting  energy  by 
glycolysis  and  then  excreting  fatty  acids? 

D’Aoust:  I  think  that  they  would  save  the  fatty  acids. 

Alexander.  But  if  they  save  the  fatty  acids,  then  in  the  long  term  they  are  depending  on  oxida¬ 
tion. 

D’Aomt:  I  don’t  think  we  can  say  that  yet.  The  impression  I  get  from  what  is  known  about 
fish  metabolism,  and  this  varies  greatly,  is  that  they  can  withstand  a  tremendous  oxygen  debt. 

I  think  that  it  makes  difficult  any  estimation  of  efficiency  because  it  is  a  matter  of  what  is  done 
with  the  waste  over  time,  whether  it  is  lactic  acid  or  fatty  acid. 

Alexander :  The  particular  figures  I  gave  for  efficiency  of  fish  swimming  were  based  on  measure¬ 
ments  of  oxygen  consumption  over  very  substantial  periods  when  oxygen  debt  was  probably 
remaining  more  or  less  constant,  that  is,  periods  of  several  hours  of  constant  swimming. 

Aron:  I  have  one  set  of  observations.  Two  weeks  ago  we  did  some  diving  in  the  Santa  Barbara 
Basin,  which  on  the  bottom  is  basically  without  oxygen  and,  according  to  quite  a  number  of 
people,  is  abiological.  We  saw  large  numbers  of  the  shark,  Parma  turns,  once  we  reached  the 
bottom.  But  also  on  the  bottom,  and  the  sharks  were  clearly  feeding  on  them,  we  saw  at  least 
three  or  four  lantemfishes,  probably  Diaphus,  that  appeared  to  be  dead.  I  haven’t  yet  had  a 
chance  to  talk  to  Eric  Barham  about  this,  but  they  were  floating  in  every  possible  direction, 
hanging  dose  to  the  bottom  and  a  few  feet  off  the  bottom.  Even  when  we  approached  them 
with  the  submarine,  they  showed  no  evidence  of  trying  to  move  away.  They  looked  dead  but 
with  no  evidence  whatsoever  of  any  damage;  they  were  just  hanging.  There  was  virtually  no  cur¬ 
rent  there,  and  this  would  suggest  that  they  are  as  close  to  neutrally  buoyant  as  possible. 

Alexander:  If  they  were  getting  neutral  buoyancy  with  a  gas-filled  swimbladder  then  they  would 
be  in  a  state  of  instability.  They  could  not  remain  at  a  constant  depth  simply  by  staying  motion¬ 
less  because  any  slight  vertical  movement  would  send  them  flying  up  or  down. 

Aron:  You  could  push  them  with  the  boat.  When  they  were  caught  up  in  the  propeller  drag, 
they  were  shoved,  but  they  showed  no  evidence  of  an  attempt  to  swim.  I  think  they  were  dead. 

Alexander:  This  suggests  that  if  they  were  neutrally  buoyant,  they  were  depending  on  fats  for 
their  buoyancy  rather  than  gas. 

Kinzer:  I  would  like  to  comment  on  what  Dr.  Clarice  (W.)  said.  Most  of  the  teleostean  fishes 
actually  keep  their  pectorals  close  to  the  body  after  the  swimstroke.  They  do  not  use  them  as 
hydrofoils,  and  this  would  then  give  further  evidence  that  pectorals  do  not  contribute  to  keep¬ 
ing  the  fish  in  equilibration. 

Alexander:  One  would  have  to  suppose  a  less  favorable  lift-drag  ratio. 

Kinzer:  But  myctophids  can  behave  differently,  and  one  needs  observation  on  this  point.  What 
I  wanted  to  say  is  should  we  assume  drat  myctophids  go  to  the  surface  for  feeding  sod  if  they 
feed  and  have  quite  some  amount  of  food  in  their  stomachs,  rids  might  add  to  their  weight  and 
would  contribute  on  the  way  down? 

Alexander:  I  don’t  think  this  would  be  substantially  helpfiil  to  the  fish  because  if  it  has  neutral 
buoyancy  up  near  the  surface,  it  has  only  to  swim  down  a  little  and  the  swimbladder  wiD  be 
compressed  and  will  automatically  give  negative  buoyancy  that  wfll  help  it  on  its  way  down. 
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Craddock:  Are  your  equations  based  on  the  fact  that  they  are  neutrally  buoyant? 

Alexander:  I  am  assuming  that  they  are  neutrally  buoyant  at  the  surface. 

Craddock:  Why  are  you  assuming  that?  Why  don’t  you  try  the  same  thing  assuming  neutral 
buoyancy  at  depth? 

Alexander:  Because  far  more  energy  would  be  involved.  If  you  have  neutral  buoyancy  at  the 
surface,  then  as  you  go  down,  the  swimbladder  cannot  be  compressed  beyond  the  disappearing 
point  so  there  is  a  limit  to  the  change  of  buoyancy  that  is  possible.  If  you  have  neutral  buoyancy 
at  some  depth  and  move  upwards,  the  swimbladder  may  expand  to  many  times  its  original  vol¬ 
ume,  producing  enormous  excess  lift,  and  consequently  very  much  more  energy  would  be  re¬ 
quired  for  maintaining  constant  level. 

Nafpaktitis:  Is  there  much  energy  involved  in  absorbing  gas  from  the  swimbladder? 

Alexander:  Energy  is  not  required  for  absorbing  gas  from  the  swimbladder,  or  ought  not  to  be, 
because  the  gas  is  then  moving  from  a  region  of  high  partial  pressure  to  a  region  of  low  partial 
pressure. 

Craddock:  Doesn’t  that  in  some  way  contradict  what  you  just  said  before? 

Alexander:  Would  you  like  to  specify  in  what  way  it  contradicts  it? 

Craddock:  You  said  that  if  they  went  from  neutral  buoyancy  at  depth  and  went  up,  then  they 
required  a  greater  amount  of  energy. 

Alexander:  A  greater  amount  of  energy  if  you  are  supposing  a  constant  mass  of  gas  in  the  swim¬ 
bladder.  If  you  are  assuming  the  other,  then  there  is  no  difference  between  a  fish  which  has 
neutral  buoyancy  at  the  top  of  its  vertical  range  and  maintains  constant  volume  as  it  goes  up  and 
down  and  a  fish  that  has  neutral  buoyancy  at  the  bottom  of  its  range  and  maintains  constant 
volume  as  it  goes  up  and  down.  They  are  the  same  thing.  The  fish  that  secretes  gas  to  maintain 
constant  swimbladder  volume  has  neutral  buoyancy  at  all  depths. 

Pickwell:  l  would  like  to  ask  you  the  source  of  your  15-mg  per  kilo  figure.  From  what  fish  was 
that  obtained? 

Alexander:  That  was  Pomatomus,  measurements  by  Wittenberg. 

Pickwell:  I  would  like  to  add  a  cautionary  note  here.  This  kind  of  experimentation  tends  to  be 
terminal,  to  be  extremely  drastic  for  the  fishes  involved.  I  think  that  we  had  better  be  quite 
cautious  before  we  assign  upper  limits  to  the  rate  of  gas  secretion  that  any  given  age  of  any  given 
fish  can  produce.  For  example,  if  you  take  a  very  sturdy,  strong  fish  that  allows  itself  to  be 
dealt  with  in  a  very  drastic  manner  and  will  tolerate  terminal  surgery  for  long  periods  of  time, 
such  as  the  Altantk:  Great  Barracuda,  you  will  see  rather  spectacular  rates  of  gas  secretion.  I  am 
sorry  that  I  don’t  have  figures  to  give  you  here,  but  1  would  be  willing  to  bet  that  they  would  ex¬ 
ceed  the  number  you  have  just  mentioned.  So  I  think  it  Is  very  important,  of  course,  to  take  the 
best  numbers  you  have,  but  I  think  that  to  some  extent  we  msy  still  be  where  we  were  in  the 
middle  fifties  when  Kanwisher  and  Ebeling  produced  their  paper.  The  best  numbers  we  have  for 
seme  of  the  physiological  parameters  simply  are  not  good  enough  and  are  not  yet  an  indication 
of  what  the  fishes  in  fact  can  do  in  the  real  world. 


Alexander:  I  would  agree  with  that. 
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The  major  factor  limiting  the  extent  and  rate  of  upward  excursion  by  mesopelagic  fishes 
is  the  rate  at  which  gas  can  be  removed  from  the  swimbladder.  Downward  migration  carries 
only  the  burden  of  additional  physical  work  of  gas  secretion  and  overcoming  decreased 
buoyancy,  whereas  (depending  on  the  size  of  the  swimbladder)  too  rapid  ascent  involves  the 
risk  of  embolism.  Using  simple  decompression  models  of  bubble  resolution  and  considering 
present  knowledge  of  swimbladder  physiology,  maximum  possible  rates  of  ascent  are  calcu¬ 
lated  for  hypothetical  fishes  of  different  sizes  over  a  range  of  initial  rfinal  pressure 
ratios.  ( PjPf ).  Exceptions  to  the  predicted  limits  are  noted  and  discussed  and  the 
ecological  advantage  of  a  swimbladder  to  such  species  is  considered. 

INTRODUCTION 

Almost  fen  years  ago,  Hersey  and  Backus  (1962)  suggested  that  physiologists  consider  more 
closely  the  problem  of  the  deep  scattering  layer  (DSL).  At  that  time  the  evidence  that  meso¬ 
pelagic  teleosts  were  largely  responsible  for  the  migrating  sound  scattering  layer  was  actually 
very  good  (Hersey  and  Backus,  1962;  Marshall,  1951, 1960).  However,  the  assumption  that  gas 
secretion  and  resorption  capacities  of  the  suspected  species  were  equal  to  the  task  of  vertical 
migration  had  been  questioned.  Evidence  against  sufficient  rates  of  gas  resorption  was  brought 
forth  by  Jones  (1951 , 1952),  whereas  Kanwisher  and  Ebeling  (1957)  indicated  the  magnitude 
of  the  problem  of  gas  secretion  with  an  approximate  estimate  of  the  energy  that  a  fish  would 
have  to  expend  in  order  to  resecrete  the  gas  it  had  necessarily  removed  during  ascent.  Also, 
most  laboratory  data  on  the  actual  rates  of  gas  secretion  by  surface  fish  showed  the  process  to 
be  too  slow  to  account  for  the  amount  of  gas  needed  (Copeland,  1952;  Fange,  1953; 

Scholander,  1954;  Wittenberg,  1958). 

Although  few  physiologists  have  had  the  rare  opportunity  to  work  on  living  specimens  of 
such  interesting  but  fragile  species  as  the  mesopelagic  ones,  definite  progress  has  been  made  in 
explaining  the  mechanism  of  gas  secretion  (Kuhn  et  si.,  1963;  Steen,  1963;  Enns  et  al.,  1967). 
The  details  need  not  concern  us  here.  Suffice  it  that  the  theory  does  predict  secretory  capacities 
well  in  excess  of  those  actually  observed.  Moreover  evidence  that  the  suggested  mechanism  does 
operate  has  been  provided  (Finge,  1953;  Scholander,  1954;  Ball  et  al.,  1955;  Steen,  1963;  Kuhn 
et  al.,  1963;  D'Aoust,  1970;  Douglas,  1967,  Enns  et  al.,  1967).  Two  recent  reviews  (Alexander, 
1966;  Fange,  1966)  are  useful  for  access  to  the  literature. 


*The  author  is  now  with  the  Vbjtek  Mason  Rassaroh  On  tar,  Seattle,  Wadtfaytoo. 
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Yet,  in  spite  of  this  development  and  also  the  rather  widespread  assumption  that  mesopelagic 
teleosts  do  secrete  and  resorb  pses  as  required  by  their  vertical  migrations,  one  still  senses  a 
certain  uneasiness  about  the  phenomena  of  the  DSL  which,  1  think,  stems  from  our  unwilling¬ 
ness  to  accept  the  fact  that  it  is  all  worth  the  fish’s  trouble.  The  physiological  problems  associ¬ 
ated  with  migration  might  seem  out  of  proportion  to  the  nutritional  u;  ecological  benefits  to  be 
derived,  and  yet  is  it  likely  that  such  fish  are  unaware  of  a  better  way? 

RESTRICTIONS  ON  VERTICAL  MIGRATIONS 

I  think  the  question  that  sums  up  this  perplexity  can  be  phrased -Which  of  the  processes  of 
gas  secretion  or  resorption  are  most  limiting  to  the  vertical  migrations  by  mesopelagic  teleosts? 

In  considering  the  problem  it  would  be  useful  to  have  a  puysica!  model-even  if  somewhat 
arbitrary -against  which  a  fish’s  performance  can  be  measured.  Since  the  mechanism  and  work 
involved  in  ps  secretion  will  be  considered  elsewhere  in  this  symposium,  the  purpose  of  this 
paper  is  to  provide  such  a  model  in  considering  the  problem  of  vertical  ascent. 

The  rate  at  which  a  fish  can  adjust  its  buoyancy  in  response  to  a  decrease  in  pressure  depends 
on  the  rate  at  which  it  can  remove  gas  from  its  swinbladder.  This  was  investigated  by  Jones 
(1952)  who  showed  that  the  time  necessary  for  a  perch  to  adjust  to  a  40%  reduction  in  pressure 
was  of  the  order  of  8  hours.  Since  members  of  the  DSL  often  accomplish  their  migrations  in 
less  than  2  hours  (Hersey  and  Backus,  19' '  Barham,  1966),  we  can  assume  with  Jones  that 
they  must  have  a  greater  facility  for  removing  gas.  Jones  (1952)  suggested  the  importance  of 
the  ratio  of  the  depth  change  to  the  depth  to  which  the  fish  was  adapted  (i.e.,  neutrally  buoyant) 
in  determining  the  time  necessary  for  migration.  However,  he  appears  to  have  ignored  the  im¬ 
portance  of  the  magnitude  of  the  gas  partial  pressure  gradient  in  determining  these  rates.  For 
example:  one  could  conclude  from  hit  Figure  6  (p.  104)  that  it  would  take  die  same  time  for  a 
fish  to  move  from  40  m  to  10  m  as  from  400  m  to  100  m.  (Both  depth  changes  involve  the 
same  ratio  of  depth  change/depth  ada^  ed.)  This  is  not  the  case,  because  the  rate  at  which  a  fish 
can  remove  gas  (“B”  in  Jones  paper)  depends  primarily  on  the  partial  pressure  gradient  driving 
diffusion,  and  as  mentioned  by  Alexander  (1966),  the  maximum  value  of  this  gradient  depends 
chiefiy  on  the  depth  of  the  iish  (since  gpses  in  the  swiinbladder  are  at  ambient  hydrostatic 
pressure).  Also,  as  pointed  out  by  Alexander  (1966)  the  p02  of  the  blood  perfusing  the  swim- 
bladder  and  surrounding  tissues  will  be  a  most  critical  determinant  of  the  tension  gradient  in 
shallow  water.  Both  of  these  considerations  are  conveniently  illustrated  by  the  data  presented 
in  Figure  1  (D’Aoust  and  Hogue,  1968).  This  shows  the  changes  in  Jfe133  and  02  concentra¬ 
tion  in  the  swimbladder  of  a  salmon  (a  physostome)  which  was  restrained  just  beneath  the 
surface  of  a  stream,  Xe* 33  had  been  introduced  via  a  canula  through  the  pneumatic  duct.  The 
contents  of  the  swimbladder  were  periodically  sampled  and  analyzed  for  each  gas.  It  is  dear 
that  the  Ye133  disappeared  in  each  fish  at  a  rate  continuously  determined  by  the  gradient. 

The  constant  k  sums  the  effects  of  the  diffusion  barrier  and  the  total  area  through  which 
diffusion  was  occurring,  so  that  at  any  one  time  the  concentration  of  Ye133  could  be  given  by 
the  equation  C,  *  C0e"*,I  where  CQ  is  the  initial  concentration,  and  C,  is  the  concentration 
at  time  t.  On  the  other  hand,  the  concentration  of  oxygen,  which  Aould  theoretically  have 
increased  since  it  was  initially  lower  than  in  the  surrounding  water,  changed  in  a  way  which 
suggests  it  was  influenced  by  factors  other  than  the  water/swimbladder  gas  gradient.  In  a 
mesopelagic  fish  st  a  depth  of  several  hundred  meters,  the  p02  gradient  is  large  and  one  might 
expect  the  gss-which  is  primarily  oxygen -to  initially  disappear  in  Am  way  indicated  by  die 
upper  curve.  On  the  other  hand,  die  lower  curves  (02)  illustrate  die  effect  of  respiratory  and 
circulatory  adjustments  which  can  alter  the  rates  of  equilibration. 
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Figure  1.  02  and  Xe^  diffusion  out  of  die 
swimbladder  of  the  pink  salmon,  Onchorynckus 
gorbutcha  restrained  under  10  cm.  of  weter. 
The  concentration  of  is  expressed  as  a 
percentage  of  the  original  radioactivity  present, 
while  the  concentration  of  oxygen  is  expressed 
as  percentage  volume  on  the  same  log  scale. 
The  values  of  k  and  Xe  are  given  for  each 
fish.  Differences  are  probably  due  to  differences 
in  the  surface/volume  ratios  in  the  swinbladder 
at  the  beginning  of  die  experiments.  Note  die 
erratic  behavior  of  the  concentration,  sug¬ 
gesting  the  effect  of  respiratory  and/or  circula¬ 
tory  adjustments,  which  however  did  not  affect 
the  rate  of Xt”  escape.  These  curves  fllustrate 
the  importance  of  the  partial  pressure  gradient 
in  driving  difhuioq  and  abo  the  way  in  which 
perfiision  may  control  the  net  r  ..te  of  gas  loss. 


MAXIMUM  POSSIBLE  ASCENT  RATES 

V.  consider  possible  migratory  rates  it  te  convenient  to  regard  the  awtobladder  is  a  bubble 
which  must  be  brought  upward  with  a  constant  volume  V.  This  requires  low  of  an  amount  of 
gas  which  depends  only  on  the  difference  in  the  initial  and  final  depths  of  the  migration.  In 
physodtet  telcosts  this  gas  must  be  lost  by  diffusion,  whereas  in  ^onophores,  bubbles  may  be 
released  through  a  sphincter  (Pickwell,  1966, 1967).  The  number  of  moles  of  gas  n  which 
must  be  removed  during  an  upward  migration  te  calculated  from  Boyle’s  Law, 


PV  ■  nRT 


0) 


CONSTRAINTS  ON  VERTICAL  MIGRATION 


89 


or 


_  py. 

"  RT  ’ 


(2) 


where  P  is  the  pressure  in  atmospheres  (atm.),  R  is  the  gas  constant  (0.082  liter  atm.  degree  1 
moles-1)  and  T  is  temperature  in  degrees  Kelvin.  Since  P  increases  with  depth  we  can  write 


P  =  ky  +  1, 


(3) 


where  it  is  a  factor  for  the  increase  in  pressure  with  depth  and  y  is  the  depth  in  meters.  The 
constant  k  is  numerically  equal  to  0.10  if  the  standard  atmosphere  i.  combined  with  a  seawater 
density  of  1 .033,  and  this  value  will  be  used  here. 

Then  the  number  of  moles  n  which  m>ist  be  lost  from  a  bubble  of  volume  V  for  each  meter 
of  upward  travel  is  given  by 


n  - 


V'k 
RT  ■ 


(4) 


Thus  a  bubble  of  constant  volume  would  have  to  lose  or  gain  -k/RT  moles  per  meter  of 
depth  per  ml.  volume,  or  an  amount  of  gas  that  depends  only  on  the  depth  change.  In  other 
words,  a  fish  migrating  vertically  must  remove  or  replace  the  same  mass  of  gas  whether  the 
migration  is  from  600  m  to  300  m  or  from  300  m  to  the  surface. 

As  mentioned  earlier,  however,  the  time  required  for  removal  of  this  gas  will  be  much  greater 
for  the  upper  300  m  than  for  the  600  to  300  m  migration.  This  is  because  the  loss  of  gas 
depends  primarily  on  diffusion,  which  in  turn  depends  directly  on  the  gradient  in  chemical 
potential,  or  the  partial  pressure  of  the  gas  in  the  bubble  minus  that  in  the  water  outside  the 
bubble.  Since  the  gradient  in  gas  pressure  increases  linearly  with  depth,  loss  of  gas  from  the 
bubble  should  proceed  at  a  greater  rate  at  depth  than  near  the  surface. 

This  process  was  studied  by  Wyman  et  al.  (19S2),  who  described  the  effects  of  pressure  on 
resolution  of  gas  bubbles  in  seawater.  They  found  that  the  process  could  be  adequately  de¬ 
scribed  by  the  equation 


dr 

dt 


(5) 


where  dr/dt  described  the  rate  of  change  in  the  radius  of  the  bubble  with  time,  RT  has  the 
same  meaning  as  before,  6  is  an  effective  diffusion  constant  which  assumes  a  uniform  concen¬ 
tration  gradient  at  a  steady  state.  It  is  equal  to  Aa/tf  where  A  is  the  “true”  diffusion  constant 
of  dimensions  cm2/sec,  a  is  the  solubility  coefficient  (to  convert  partial  pressures  into  con¬ 
centrations),  and  d  represents  the  thickness  of  the  “unstirred”  shell  of  water  which  is  assumed 
to  support  the  gradient  in  concentration.  The  expression  P-PJP  is  the  partial  pressure  gradient 
divided  by  the  total  pressure  where  the  bubble  exists.  It  obviously  tends  to  unity  as  the  total 
pressure  (or  depth)  is  increased,  and  the  rate  of  decrease  in  bubble  radius  drjdt,  similarly 
approaches  a  constant  rate  which  from  their  data  amounts  to  approximately  0.8  jm/eec  or 
8.0  x  10rs  cm/aec  at  50  m. 

Essentially  the  same  treatment  has  been  successfully  used  by  Van  Liew  (1967)  working  with 
artificially  produced  subcutaneous  gas  pockets  in  rats. 

Ultimately  we  are  interested  in  the  time  necessary  for  migration  of  a  bubble  over  a  given 
depth-range.  The  essential  requirement  of  such  emigration  is  that  the  rate  of  gas  lots  or  removal 
keep  pace  with  the  increasing  volume  of  the  bubble  aa  depth  decream.  Equation  (5)  applies  at 
a  constant  pressure,  whereas  we  are  interested  in  times  of  migration  during  which  the  premure 
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gradient  is  changing.  However,  we  can  conceive  of  an  imaginary  situation  (ignoring  buoyancy 
and  drag)  in  which  the  increase  in  volume  of  the  bubble  due  to  decreasing  pressure  is  just  equal 
and  opposite  to  the  decrease  in  volume  due  to  gas  loss  through  diffusion.  When  such  effects 
cancel,  the  volume  will  not  change.  Thus  we  need  another  equation  for  dr/dt  describing  the 
effects  of  pressure  at  constant  mass  of  gas  This  is  available  from  equation  (1),  which  is  re¬ 
arranged  to  show  how  the  radius  of  a  bubble  of  gas  depends  on  the  pressure  a’,  follows: 


r  - 


1 


(6) 


P  can  be  expressed  at  depth  by  using  (3). 


r  = 
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Differentiating  (7)  with  respect  to  tune  gives 


* 
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dt 
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(8) 


Thus  (8)  shows  that  the  rate  at  which  the  radius  of  a  bubble  increases  is  proportional  to  the 
rate  of  change  in  depth  (or  pressure)  and  inversely  proportional  to  the  depth.  Our  requirement 
is  that  dyldt  is  such  that  addition  of  equations  (8)  and  (S)  equals  0. 

First,  equation  (S)  can  be  stated  in  terms  of  (3),  he.,  depth.  Also,  the  assumptions  will  be 
made  that  (a)  we  are  dealing  with  a  bubble  of  pure  oxygen  since  Douglas  ( 1 967)  has  thoroughly 
documented  the  fact  that  02  comprises  80-90%  of  the  swimblsdder  gas  below  a  depth  of  SO  m, 
and  (b)  that  the  oxygen  partial  pressure  in  the  water  (PQ)  is  0.2  atm.  throughout  the  water 
column. 

Thus  (5)  becomes 


dr 

dt 
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If  the  effects  of  pressure  reduction  and  diffusion  loot  ass  equal  and  opposite,  addition  of  (8) 
and  (9)  gives  0,  and  we  can  equate  the  right-hand  sides  of  equations  (8)  and  (9)  and  rearrange 
to  evaluate  dyldt  at  this  null  point; 


dt 


3*78 


m1 


± 

3 


CONSTRAINTS  ON  VERTICAL  MIGRATION 


91 


dy  3  RTb  ,  ...  ,  .  ,  n . 

-  —y  •  (ky  *  0.8)  and  since  k  ~  0.1, 

3 RTb  ,  .0.  ,, 

=  —  —  O' +  8).  (1 

To  evaluate  (10)  for  any  particular  volume  and  depth,  some  assumptions  must  be  made 
about  the  value  of  5.  Wyman  et  al.  (1952)  noted  a  gradual  decrease  in  experimentally 
determined  values  of  f>  with  depth  which  they  showed  was  dut  to  the  mixture  of  gases 
present.  Since  only  oxygen  is  considered  here,  their  value  for  oxygen  of  8.4  x  !0~*  moles 
cm",sec',atm',  will  be  used.  Equation  (10)  then  works  out  to 


dy  _  5.6S  x  10  2  +  8) 

dt  ‘  ' 


cm  sec 


A  1.0  cm*  bubble  at  100  m  could  therefore  rise  at  a  rate  of  9.8  cm/sec;  at  10  m  it  could  rise 
only  at  1 .6  cm/sec,  and  at  1  m  depth  it  could  rise  only  at  0.8  cm/sec.  This  relationship  is  shown 
in  Figure  2  where  depth  is  plotted  on  a  log  scale  against  dy/dt  for  several  different  bubble 
volumes.  It  is  clear  from  the  figure  that,  as  expected,  a  fish  with  a  swim  bidder  which  behaves 
as  a  bubble  could  rise  faster  from  600  m  to  300  m  than  from  300  m  to  the  surface.  Obviously 
the  curves  are  imaginary  at  their  extremes;  drag  would  prevent  a  bubble  travelling  at  the  higher 
velocities  shown  and  buoyancy  would  cause  far  greater  vertical  ascent  rates  than  shown  for 
shallow  depths.  What  makes  the  curves  still  worth  considering  is  that  we  are  surrounding  the 
‘■bubble”  with  a  Osh  which  can  supply  the  necessary  acceleration  or  restraint. 

Figure  2  also  indicates  the  restrictions  of  swimbladder  volume  an  vertical  migrations  and  the 
obvious  advantage  of  a  small  swimbladder  in  accomplishing  vertical  migrations. 

Inversion  of  (1 1)  and  integration  over  the  limits  yx  loy2  gives 


r  2303 
5.65  X  10 


yx  +8 


which  allows  calculation  of  the  time  required  by  bubbles  of  various  volumes  to  move  upward 
under  the  assumed  conditions.  Figure  3  shows  these  times  for  bubbles  of  different  sizes.  Note 
that  the  figure  assumes  100%  oxygen  in  the  swimbladder  and  therefore  a  minimum  gradient  at 
the  surtaoe  of  OS  atm.  The  times  involved  would  be  larger  for  bubbles  of  85-90%  oxygen.  At 
any  rate,  die  times  shown  in  Figure  3  for  bubbles  of  different  sheas  can  be  assumed  to  represent 
minimum  times  which  a  fish  with  s  swimbladder  of  volume  V  snd  a  diffusion  constant  approx¬ 
imating  b  could  be  expected  to  take  over  any  particular  depth  range.  Thus  a  fish  wMi  a  1-cm3 
swimbladder  migrating  from  1000  to  500  m  (\ogFJFj  *  0.297)  would  require  at  least  10  min. 
whereas  die  same  Osh  migrating  from  500  m  to  the  surface  (log  F^ft y-  1 .81)  would  need 
approximately  75  min. 

Figure  3  thus  provides  s  physical  basis  for  comparison  with  ohaervud  rates  of  migration.  It  is 
an  arbitrary  but  perhaps  not  unrealistic  standard  of  comparison,  and  it  is  of  some  significance 
dut  the  times  shown  are  well  within  those  observed  for  ndgretfans  of  die  DSL  of  1-3  hours 
(Hersey  A  Backus,  1962;  Barham,  1966).  Since  the  members  of  the  DSL  appear  to  be  weB  on 
the  slow  side  as  concerns  gas  removal  it  can  be  mggisted  Ait  their  '‘effective  diffusion  constant” 
b  (capacity  to  remove  gas)  must  be  much  less  than  that  assumed  for  a  free  babble  is  the  above 
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Figure  2.  Rats*  of  accent  <fyfdt  poetfble  for  different  aim  of  epfeerkel 
bubble*  neb  that  the  tnrteeaa  la  ndh»  +drjdt  daa  to  pceaaara  intnn 
la  exactly  equalled  by  the  deneaea  in  radtoa  ~xkfdi  <toe  to  Atffmioc  at  $y 
out  of  the  babbie  la  reapoaae  to  the  preeaue  gradteat  Baaed  on  equation* 
deeeioped  ir>  the  text,  aeenndaf  100%  oxygen  la  Ota  babble  and  0.2  efcoo- 
qjherea  of  oxygen  In  the  water,  aad  aaglarttag  bonyeasy  and  drag  Note 
the  raladnly  constant  change  be  ratee  at  the  6eBew  aad  deep  extreme* 
of  each  cum. 


calculations.  Thie  would  imp  rote  thdr  pu  mention  effkfcacy  (by  mtntmfcinuM  loes),  while 
stgf  allowing  them  to  romom  gw  at  a  euffldwrt  rate  to  mom  upward  at  the  ratal  obeerrod.  In 
fact,  tf  it  k  eaeumed  that  a  0.1«cn>J  bubble  took  2  home  to  mom  from  300  m  to  the  eurface, 
Art  (12)  would  require  a  wlue  for  I  of  1.32  x  10”10  moles  or'5  atm*1  tec""1  or  approx*- 
mataly  Ip  of  the  value*  used  In  Fifurm  2  and  3.  In  other  woraa,  the  rate  of  gee  removal  could 
be  almost  an  order  of  magnitude  dower  than  a  free  bubble  without  neoeadtating  a  dowar 
migration  rata. 

iotbotul  means  of  maxmzzng  gai  RE%oitmMAi«DttCMrnoN 

The  work  of  iiardtah  (1951,  l9d0),Kaawldt?ra^fibaling(1937),aaiC^iaa<1967>w|' 
perfr  that  the  actual  votac*  cd- the  ewtmbladden  o^  maaopeiagic  fofc  seldom  axceefe  1.0  cm* 
and  k  usually  much  Jme  (a  bubble  of  1 .0*m5  km  would  theoretacafiy  require  oedy  about  tn 
hour  uwi  a  half  to  m%rat-  et  ooortant  vatunw  to  the  surface  from  !00Qm).  Horeomr.lt 
eppeari  that  the  often-quoted  ratio  of  3%  (for  nrtabiaddet  ualtacA  to  Qdi  what)  a my  not 
bold  for  some  of  these  mmop*s*&c  forma,  many  of  which  apparently  kwe  Ac  gee  phase  la  (hair 
ewfenbbddm  on  maturing,  having  largely  substituted  fat  aa  e  nowoe  of  booyvscy  (MatdtoJ, 
1951 ;  Denton,  1961 ;  Capea,  1967).  Them  obeermtkww  Kfpat  that  gw  «aetta  hi  a 
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Figure  3.  Theoretical  time  (abdaaa)  neceanry  for  ipherical 
bubble*  of  dffimnt  Mae  to  move  upward  at  coojtant  volume 
over  a  particular  rugs  la  depth  (ardhute)  ghreo  by  log  Pj/Py 
when  Pi  ii  the  Initial  preaaure  at  the  lower  depth  and  Py  a 
the  preaacre  at  the  final  depth.  Buoyancy  and  drag  are  neglected. 


coruiderable  burden.  It  is  worthwhile  to  consider  some  of  the  adaptations  which  may  favor  both 
rapid  secretion  and  resorption,  keeping  in  mind  that  the  enhancement  of  one  might  decrease  the 

other. 

H^i  Frf  Content 

The  fltt  adaptation  which  comes  to  mind  is  to  reduce  the  gas  volume  by  piuUy  or  completely 
substituting  fat  for  gat,  aa  is  done  by  Lmpmtyctu *,  Gonottorm,  Cydothont ,  and  Uitpkut 
(Ray,  1945;  Marshall,  1951;  Barium,  1957;Capen.  1967).  The  advantages  of  fat  n.  gas  as  a 
source  of  buoyancy  are  obvious  for  species  which  must  migrate  over  considerable  depths.  The 
urgent  need  for  resecretion  of  fH  is  eliminated,  and  a*i  added  temporal  degree  of  freedom  is 
rerdsed  by  the  fish  for  which  the  energetic  demands  of  gas  secretion  impose  a  considerable  food 
requhesMmt  (Xan  w^ar  and  Ebeting,  1957).  The  interesting  recant  report  by  Malms  and  Barone 
(1970)  which  directly  demonstrated  synthesis  of  diacyi  glyceryl  ethers  in  preference  to  tri- 
gjyceridee  ss  a  response  to  negative  buoyancy  in  Sqmha  acmlhiat  suggests  Che  poeethflity  of 
staler  controls  by  mawpeiagk  species.  However,  tittle  or  no  fit  is  observed  tnjuveaBeswtuch 
ataMt  always  1  «  s  gas  phase  (Capen,  1967).  It  eppeen  than  that  the  accumulation  of  fat  is 
t  gradual  process  tafcfeg  pleaded^  maturation  of  the  i^^  The 

dietary  control  o'  uch  accianalswjn  is  of  oonelderahli  interest  (Lewis,  1967;  Nsvenssl  at  si., 
1969;  Lse,  1970) 

Ssdbc*  Asea/Voiunse  Ratio 

The  more  surface  sees  relative  to  volume,  the  faster  the  gas  tramport;  however,  this  effect 
should  work  both  ways  and  render  it  that  much  more  difficult  to  mntt  gas  at  •  suffictatt  rate. 
NsvettfiJm«a:>y  of  these  yocles  have  an  riongrttdswiabladdar  with  hngdHo-widfiiratioa 


of  up  to  5:1,  and  Marshall,  1951,  reported  one  of  40.1,  Photickthys  argent  &$.  (There  are  as 
yet  few  measured  specimens  which  can  be  considered  absolutely  undamaged  by  the  method  of 
collection  and/or  preservation.)  This  would  increase  the  possible  rate  of  gas  loss.  However,  it 
is  obvious  that  the  detailed  histology'  of  the  swimbladder,  surrounding  tissue,  gas  gland,  and 
resorptive  surfaces  is  of  most  significance  in  determining  the  effective  surface  area  for  gas 
exchange. 

The  observations  of  Fange  (1953)  and  Dorn  (1961)  indicated  a  considerably  villous  organi¬ 
zation  Oi  he  gas  gland  epithelium  in  Gadus  and  Anguilla  that  showed  a  tendency  to  increase 
during  gas  secretion.  This  sort  of  organization  would  tremendously  influence  the  effective  area 
over  which  diffusion  takes  place,  and  would  greatly  accelerate  gas  transfer  provided  that  ade¬ 
quate  perfusion  existed  on  the  liquid  side  of  the  phase  boundary.  The  advantage  of  such  an 
organization  is  that  its  benefits  can  be  switched  on  and  off  via  circulatory  and  neural  control. 

In  a  complementary  way  a  number  of  small  gas  pockets  would  be  expected  to  increase  the 
rate  of  gas  removal  provided,  as  before,  that  the  interstices  of  such  compartments  were  well 
perfused.  This  speculation  is  stimulated  by  the  report  of  Capen  (1967)  describing  a  “fibrous 
cottony  tissue”  partially  or  totally  filling  the  swimbladder  in  specimens  of  Lampanyctus  and 
Diaphus.  If  such  tissue  actually  consists  of  a  number  of  gas  pockets  and  the  interstices  are  well 
perfused,  a  very  great  increase  in  effective  surface  area  would  exist.  Capen  (1967)  also  reported 
that  the  specimens  he  observed  had  oil-filled  tissue  around  the  swimbladder  rather  than  inside  it 
as  first  reported  by  Ray  (1945). 

It  is  of  interest  to  consider  the  above  points  in  relation  to  their  probable  effects  on  gas  secre¬ 
tion  and  resorption.  The  diffusion  coefficients  A  of  gases  in  liquids  are  inversely  proportional 
to  the  viscosity  of  the  liquid  (Glasstone,  1946).  Although  the  solubility  a  of  gases  is  higher  in 
fats  and  oils,  die  viscosity  of  these  substances  is  very  much  greater  than  water  (105-103),  and 
the  diffusion  of  any  gas  through  them  is  very  much  slower  than  for  water.  It  can  be  assumed 
that  an  envelope  of  fat  surrounding  the  swimbladder  would  provide  a  very  effective  diffusion 
barrier  by  lowering  the  value  of  A  and  increasing  the  value  oft/  in  the  expression  A aid.  De¬ 
creasing  the  “passive”  value  of  6  will  increase  the  efficiency  of  gas  secretion.  Thus,  as  the  fishes 
grow  they  may  deposit  such  fat  around  the  swimbladder  where  it  acts  as  a  diffusion  barrier  and 
provide  auxiliary  buoyancy,  and,  perhaps,  an  important  energy  reserve.  Thus,  the  general  direc¬ 
tion  of  adaptation  appears  to  reflect  the  most  serious  constraints  of  vertical  migration,  viz.  the 
energy-consuming  requirement  to  secrete  gas. 

The  critical  role  perfusion  must  play  is  worth  considering  briefly.  Wyman  et  al.  (1952)  esti¬ 
mated  the  effective  thickness  d  of  the  “unstirred  shell”  to  be  approximately  33  pm,  at  the  same 
time  emphasizing  that  such  a  value  only  gave  a  rough  estimate  of  the  length  of  the  "pure  diffu¬ 
sion”  path.  Since  capillaries  are  often  smaller  than  10  pm  (Bard,  1960)  it  is  vc  _y  probable  that 
during  perfusion  of  the  resorptive  surfaces  of  the  swimbladder  the  actual  distance  supporting  a 
purely  diffusive  gradient  is  of  the  order  of  only  a  few  microns.  It  is  clear  that  the  combined 
effects  of  increased  perfusion  and  decreased  values  fox  “d”  could  greatly  accelerate  removal  of 
gas  from  the  swimbladder  during  ascent,  the  work  necessary  being  chiefly  that  of  cardiac  output. 

In  fact,  it  has  recently  been  suggested  (Steen  &  Kruysse,  1964;  Johansen  &  L'enfant,  1966), 
and  more  evidence  is  accumulating  (Garey ,  1967 ;  Dawson  &  Garey,  1968)  that  teleosts  ate  ca¬ 
pable  of  extensive  circulatory  adjustments  or  shunts,  such  that  the  gill  surfaces  can  either  be 
bypassed  or  well  perfused  according  to  the  fish’s  need.  One  can  easily  imagine  shunts  such  that 
during  ascent  essentially  Oj-free  blood  is  supplied  to  the  resorptive  surfaces  of  the  swimbladder 
and  such  circulation  might  amount  to  a  very  large  proportion  of  the  total  cardiac  output.  Dur¬ 
ing  descent  on  the  other  hand,  it  can  be  supposed  that  most  of  the  cardiac  output  goes  to  the 
gills  and  thence  to  the  gas  gland  and  rate  circulation.  In  a  situation  where  the  blood  perfusing 
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the  gas  gland  had  a  very  low  p02  the  rete  would  also  provide  a  route  for  gas  removal  (Denton, 
1961).  For  example,  Marshall  (1960)  has  described  the  swimbladder  vasculature  of  a  stomiatoid 
fish  Argyropelecus  aculeatus  which  lacks  an  oval  (or  gas  resorptive  organ);  it  features  however  an 
artery  bypassing  the  rete  with  a  venous  return  through  the  rete ,  and  it  can  be  assumed  this 
serves  the  purpose  of  gas  removal. 

The  above  considerations  seem  to  support  the  conclusion  that  once  secreted,  there  need  be 
no  very  great  difficulty  in  removing  gas  at  rates  consistent  with  observed  rates  of  vertical  migra¬ 
tion.  Moreover,  it  can  be  suggested  that  if  the  fish  does  initially  swim  up  a  certain  amount  as 
suggested  by  Jones  (1952)  it  could  “float”  the  rest  of  the  way  and  need  expend  only  the  cardiac 
energy  *o  provide  the  required  circulatory  adjustments.  In  like  manner,  it  could  “sink”  during 
descent  and  conserve  energy  for  the  task  of  gas  secretion.  It  should  be  mentioned  however,  that 
actively  swimming  fish  have  been  directly  observed  (Barham,  1966)  in  a  layer  which  was  de¬ 
scending  at  a  rate  (approx.  30  cm/sec)  higher  than  the  ascent  (4.0  cm/sec.).  Nevertheless  gas 
secretion  probably  requires  a  large  share  of  the  fish’s  energy  output  during  descent.  Estimations 
of  the  total  amount  of  work  required  (Kanwishcr  and  Ebeling,  1957 ;  Marshall,  1960)  may  how¬ 
ever  b  e  too  rigorous,  as  they  are  based  on  some  assumptions  regarding  the  fraction  of  cardiac 
output  going  to  the  gas  gland.  In  view  of  the  above  considerations,  it  does  not  seem  unreason¬ 
able  to  assume  an  overall  higher  efficiency  for  the  process  of  gas  secretion. 

SUMMARY 

(1)  The  need  for  an  arbitrary  physical  model  with  which  to  compare  the  migratory  behaviour 
of  mesopelagic  teleosts  is  suggested. 

*2)  The  model  chosen  is  that  of  a  free  spherical  bubble,  ignoring  buoyancy  and  drag,  rising 
at  a  rate  such  that  its  expansion  rate  due  to  pressure  (depth)  decrease  is  exactly  cancelled  by  the 
decrease  in  volume  duo  to  diffusion  loss. 

(3)  It  is  shown  that  for  spherical  bubbles  of  a  size  equal  to  or  less  than  the  volume  of  swim- 
bladders  normally  found  in  mesopelagic  fishes,  the  times  theoretically  necessary  to  rise  200  or 
300  m  are  up  to  an  order  of  magnitude  less  than  those  actually  observed  for  the  DSL. 

(4)  Some  potential  means  of  maximizing  gas  resorption  and  secretion  are  discussed  in  terms 
of  existing  physiological  and  anatomical  evidence  and  ways  are  suggested  in  which  dynamic 
physiological  adjustments  may  assist  gas  removal  or  secretion. 
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DISCUSSION 

Alexander:  I  have  three  comments.  First  of  all,  it  would  be  very  nice  if  we  had  some  really 
clear  information  as  to  what  the  fish  actually  do  about  their  swimbiadder  volumes  as  they  move 
up  and  down.  Second,  it  seems  likely  that  what  limits  the  rate  at  which  gas  can  be  removed 
from  the  swimbiadder  ir'y  be  the  rate  at  which  the  blood  can  take  the  gas  away.  I  did  some 
calculations  on  this  which  are  in  a  little  book  of  mine  called  Functional  Design  in  Fishes.  These 
led  to  the  conclusion  that  at  shallow  depths  the  rate  of  removal  of  gas  should  be  extremely  slow, 
and  I  got  very  good  agreement  with  Jones’s  experimental  figures.  For  greater  depths,  the  blood 
was  able  to  take  away  gas  very  much  faster,  largely  because  of  gas  being  removed  in  physical 
solution  in  the  blood.  I  am  afraid  I  have  not  got  the  figures  with  me.  The  third  point  is  that 
shunting  out  the  gills  would  surely  reduce  the  rate  of  removal  of  gas  rather  than  increase  it,  be¬ 
cause  it  would  mean  that  thj  gas  in  the  blood  drat  was  coming  away  from  the  swimbiadder 
would  simply  be  shunted  back  to  the  swimbiadder  again  and  would  have  no  chance  to  diffuse 
out  of  the  fish. 

D’Aoust:  I  realize  this,  but  I  would  get  around  it  by  saying  that  perhaps  it  is  used  or  lost  to  the 
tissues  in  another  way.  The  point  I  wanted  to  make  is  that,  thinking  of  it  in  terms  of  the  first 
time  around  with  a  shunt,  you  could  consider  almost  an  infinite  gradient  at  the  surface  I  agree 
that  this  is  the  main  restriction,  but  perhaps  you  can  conceive  some  way  of  shunting  which  may 
get  around  the  problem. 

Alexander:  1  think  that  at  any  substantial  rate  of  removal  of  gas,  you  might  find  yourself  having 
to  develop  a  fantastic  metabolic  rate  to  get  rid  of  it. 
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Backus:  The  acoustical  data  of  nine  years  ago  in  Hersey,  Backus  and  Hellwig  suggested  that 
migrators  would  be  heading  both  ways,  that  some  were  maintaining  constant  volume,  and  some 
were  maintaining  constant  mass. 

D’Aoust:  I  can  think  of  another  point.  Just  a  slight  change,  an  uncompensated  expansion  just 
for  a  meter  or  so,  would  allow  the  fish  to  be  buoyant.  This  is  an  advantage  in  terms  of  work. 

By  the  same  token,  it  is  more  useful  to  save  energy  and  sink  down,  and  secrete  gas  using  the 
energy  saved. 

Smith :  Would  it  be  possible  that  bioluminescent  flashes  would  assist  in  burning  off  this  excess 
oxygen? 

D’Aoust:  You  mean,  why  doesn’t  the  fish  explode? 

McCartney:  I  have  a  comment  relevant  to  gas  bubbles,  though  not  to  fish  swimbladders.  Some 
time  ago  I  worked  on  some  data  belonging  to  Brian  Baiy  on  gas  bubbles  rising  from  Saanich 
Inlet.  The  remarkable  thing  about  these,  which  were  observed  on  echo  sounders,  was  that  any 
given  bubble  seemed  to  be  rising  at  a  remarkably  constant  rate  ,  although  there  were  different 
rates  for  different  bubbles. 

D’Aoust:  Yes,  and  1  have  neglected  buoyancy  and  drag.  There  is  a  point  in  the  ocean,  probably, 
where  parts  of  these  curves  would  hold.  Below  it  the  drag  would  be  toe  great  to  allow  the  bub¬ 
ble  to  rise;  above  it,  the  bubble  would  rise  much  faster  due  to  buoyancy.  So  this  is  a  hypothet¬ 
ical  situation,  and  I  agree  it  would  require  a  fish  for  it  to  work. 

Pickwell:  1  just  want  to  make  a  couple  of  comments.  One  is  that  when  you  are  dealing  with 
certain  adult  myctophids  that  have  a  great  deal  of  fat  around  the  swimbladder,  probably  you  are 
not  dealing  with  a  significant  gas  phase.  Therefore  as  a  diffusion  barrier  in  that  situation  it  is 
rather  irrelevant.  If  there  is  gas  there,  in  our  observations  at  least,  it  is  so  small  that  possibly  the 
fish  could  tolerate  a  passive  expansion,  perhaps  throughout  the  entire  vertical  distance  it  is 
migrating.  Second,  as  pointed  out  by  Dr.  Alexander,  the  business  of  diffusion  is  almost  certainly 
controlled  by  rate  of  blood  flow  through  the  resorption  mechanism  in  the  oval.  I  consider  it 
quite  probable  that  the  fish  alters  the  rate  of  blood  flow,  within  some  range,  so  that  towards  the 
upper  limit  of  its  vertical  migration,  as  it  is  resorbing  gas,  it  is  in  fact  pumping  blood  through 
this  structure  very  much  more  rapidly  than  it  found  necessary  to  do  when  it  began  the  migra¬ 
tion.  I  do  not  think  that  there  is  any  reason  in  the  world  why  we  should  accept  the  idea  that  it 
does  this  at  a  uniform  rate.  Therefore,  this  changes  the  whole  diffusion  picture,  ana  your  rate 
of  rise  relative  to  diffusion  is  probably  quite  reasonable  in  that  context. 

D’Aoust:  I  assume  you  mean  in  the  context  that  the  diffusion  coefficient  you  got  would  be 
something  that  lumped  everything  together.  The  actual  diffusion  coefficients  involve  surface 
area  and  circulation  more  than  anything.  But  as  you  said,  at  the  upper  edge  of  the  range  it  has 
to  do  a  tremendous  amount  more  circulatory  work. 

Pickwell:  The  reason  I  mentioned  this  is  that  in  physiological  experiments  with  gas  secretion 
when  we  are  observing  the  gas  gland,  it  operates  at  different  rates  also,  which  lends  credence  to 
Dr.  Alexander’s  supposition  that  there  is  an  idling  rate  of  maintenance  of  volumes.  This  is  prob* 
ably  true.  Nevertheless  the  swimbladder  is  after  all  a  diffusion  barrier,  and  in  various  species  it 
is  a  rather  good  one,  so  I  do  not  think  we  can  assume  that  the  fish,  even  at  a  considerable  depth, 
is  losing  a  huge  quantity  of  gas  and  therefore  has  to  idle  at  a  very  rapid  rate;  it  has  to  idle  at 
some  rate,  surely. 
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D’Aoust:  Yes,  the  dimensions  are  pretty  small. 

Pickwell:  This  is  my  point. 

D’Aoust:  For  water,  for  example,  a  millimeter  or  so,  a  millimeter  is  almost  the  thickness  of  the 
body  wall  in  some  of  these  fish.  1  should  think  it  would  be  idling  if  it  is  maintaining  neutral 
buoyancy  at  an  appreciative  rate,  relative  to  the  normal  energy  budget  of  the  ash. 

Pickwell:  I  don’t  think  so.  I  think  it  is  idling  at  a  very  small  rate  relative  to  what  it  can  do  when 
it  wants  to  refill  the  bladder. 

D’Aoust:  I  agree  with  you.  I  think  we  are  saying  the  same  thing  differently. 

Pickwell:  Speaking  in  terms  of  one  millimeter  structures,  just  for  fun  since  Eric  Barham  isn’t  on 
his  feet  yet,  I  thought  I  would  throw  in  the  physonect  siphonophores.  They  do  have  a  dimen¬ 
sion  roughly  one  millimeter  in  diameter,  and  they  are  carrying  about  1  mm3  of  gas.  As  far  as  we 
can  tell  from  observations  both  in  the  laboratory  and  from  submersibles,  within  some  rather 
tight  limits  they  maintain  a  constant  volume.  Well,  they  can  do  this.  They  have  a  structure  for 
putting  out  the  gas.  Nevertheless  they  arc  swimming  rapidly,  and  their  rate  is  still  comparable 
to  what  the  myctophids  do.  Let’s  not  forget  that  both  of  these  animals,  these  presumably 
resonant  targets,  are  swimming.  They’re  not  just  rising  passively  as  this  gas  carries  them  upwards. 
Therefore,  the  rate  or,  at  least  the  delimiting  feature  in  rate  of  migration  for  a  myctophid  with  a 
swimbladder,  may  be  simply  how  fast  it  can  take  the  gas  out;  certainly  not  in  the  case  of  the 
physonects,  though. 

D’Aoust:  That  is  what  1  am  suggesting.  What  I  am  saying  is  that  we  can  make  some  measure¬ 
ments  now,  and  even  though  the  coefficients  we  get  will  not  mean  too  much  in  terms  of  real 
diffusion  coefficients,  it  will  be  something  we  can  work  with  physiologically. 
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ABSTRACT 

Over  the  past  several  yean  observations  from  deep  submersible  vehicles  have  provided  new 
perspectives  on  the  biology  of  mesopelagic  fishes. 

Many  individuals  of  the  myctophids,  Lampanyctut  leucoptarut  and  L.  mexicanus,  the 
deep-sea  smelt  Bathylagut  stUblus,  and  Cychthone  acclinident  observed  at  middepths  off 
southern  California  are  passively  drifting  with  their  longitudinal  axes  at  acute  angles  to  the 
horizontal  plane.  If  stimulated  by  the  presence  of  the  craft,  such  lethargic,  vertically 
oriented  fishes  swim  rapidly  away.  Thus,  the  frequency  of  these  observations  is  related  in 
part  to  the  type  of  vehicle  used,  its  equipment,  and  the  way  it  is  operated. 

The  adult  myctophids  have  lumen-occluded,  fat-surrounded  swimMadden  indicating 
that  food  storage  and  elimination  of  buoyant  gas  production  are  adaptations  for  diurnal  re¬ 
duction  of  metabolic  and  physical  activity  in  response  to  environmental  stress. 

In  some  cases,  vertical  orientation  of  myctophids  is  polarized,  the  vast  majority  of  in¬ 
dividuals  being  oriented  with  their  heads  up  in  late  afternoon  and  their  heads  down  in  the 
forenoon.  This  may  be  adaptive.  Rhythmic  opercular  movements  suggest  that  respiratory 
vater  currents  jetted  from  their  gill  cavities  are  used  to  maintain  their  depth  level  or  to 
“swim”  up  and  down.  A  majority  of  myctophids  that  migrate  into  surface  waters  at  night 
are  seen  actively  swimming,  but  many  adults  remain  Immobile  and  vertically  oriented  near 
their  daytime  depths.  Thus,  some  mesopelagic  fishes  may  undergo  periods  of  hibernation 
similar  to  known  shallow  water  fishes. 

Bathylagut  ttilbiut  lacks  a  swimbladder  and  that  of  Cychthone  acclinident  is  fat  filled. 

Vertical  orientation  in  these  fishes  may  result  from  a  lack  of  sensory  dues. 

These  observations  suggest  that:  change  of  posture  may  affect  the  sound  reflecting 
properties  of  fishes  responsible  for  deep  scattering  layers;  there  are  two  behavioral  types  of 
myctophids,  each  with  recognizable  morphological  features;  photophores  of  vertically 
oriented  fishes  could  not  create  a  protective  counter-shading,  low-level  biotuminescent 
glow  against  downcoming  ambient  light,  and  active  fishes  may  be  nearer  their  endurance 
limits  and  thus  more  easily  captured  by  nets  than  thoss  in  a  lethargic  state  that  are  tested 
and  capable  of  rapid  evasive  movements. 

INTRODUCTION 

Diminutive  mesopelagic  fishes  dwelling  in  the  three -dimensional  environment  of  oceanic  mid¬ 
depths  are,  without  doubt,  the  most  abundant  vertebrate  animals  in  our  world;  and  yet,  under¬ 
standably,  little  is  known  of  their  behavior.  Few  such  fishes  are  removed  uninjured  from 
plankton  nett  and  trawls,  and  even  those  species  that  noctumafiy  ascend  into  surface  waters  and 
are  dipnetted  carefully  live,  at  the  longest,  only  a  few  hours  in  shipboard  aquaria; stressed  and 
confined,  their  behavior  is  hardly  typical.  Thus,  our  concepts  of  the  biology  of  these  fishes  by 
necessity  have  been  baaed  mainly  on  anotomical  studies,  net-catch  data,  and  occasional  glimpses 
of  such  fishes  under  ships'  lights  when  they  are  in  surface  waters. 
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Mesopelagic  fishes  now  can  be  studied  in  their  own  environment  from  deep  submersible 
vehicles  (DSV),  and  this  paper  draws  from  the  experiences  of  over  SO  dives  in  five  different 
DSV’s  during  a  6-year  period.  Most  of  the  data  presented  are  based  on  the  results  of  a  19-dive 
series  in  the  Westinghouse  Deepstar  4000  vehicle  in  the  San  Diego  Trough,  30  June  to  16 
December  1966,  because  these  observations  were  taken  tinder  better  conditions  and  in  the  con¬ 
text  of  information  gained  from  previous  dives. 

It  is  now  apparent  to  this  observer  that  in  the  California  Current,  numerous  individuals  of  at 
least  two  species  of  myctophids,  Lampanyctus  ( =Stenobrachius )  leucopsarus  and  L. 

{-Tripho turns)  mexicanus,  some  species  of  the  gonostomatid  genus,  Cyclothone,  and  the  deep- 
sea  smelt,  Bathylagus  (= Leuroglossus )  stilbius,  normally  are  suspended  lethargically,  virtually 
motionless  in  the  water,  oriented  with  their  long  axes  at  the  vertical  or  at  steep  angles  from  the 
horizontal.  This  behavior  would  seem  to  have  important  implications  regarding  the  biology  of 
these  fishes.  Thus,  although  other  behavioral  traits  are  noted,  this  paper  deals  mainly  with  what, 
for  want  of  better  terms,  we  will  call  “lethargy”  and  “vertical  orientation.”  By  necessity,  much 
of  the  presented  information  is  anecdotal.  The  possible  relationships  of  fish  behavior  to  the 
scattering  of  underwater  sound  are  discussed,  and  interpretation  of  the  reported  behavior  is 
placed  in  the  context  of  problems  that  have  long  intrigued  biologists.  Conclusions,  however,  are 
tentative,  and  are  given  in  the  hope  that  they  may  stimulate  further  study  and  consideration  of 
these  prolific  fishes,  about  which  we  know  so  little. 

OBSERVATIONS 
Trieste  I 

The  kinds  of  organisms,  and  their  behavior,  that  one  observes  from  DSV’s  are  affected 
greatly  by  the  type  of  vehicle  used  and  the  way  it  is  equipped  and  operated.  Our  experiences 
using  the  bathyscaphe,  Trieste  I,  during  six  dives  in  the  San  Diego  Trough  (January  to  October 
1962,  approximately  at  32°30'N,  1 17°28'W)  are  a  case  in  point.  Generally,  the  bathyscaphe 
rose  or  fell  rapidly  in  her  passages  through  middepths.  In  her  dimly  lit  and  partially  obstructed 
field  of  view,  objects  the  size  and  pigmentation  of  mesopelagic  fishes  could  be  seen  and  recog¬ 
nized  only  at  distances  of  less  than  5  m.  Numerous  mesopelagic  fishes  were  sighted  (Dietz, 

1962;  Barham,  1963),  but  these  were  seen  either  in  rapid  flight  at  the  edges  of  the  light  field  as 
Trieste  /  was  descending,  or  they  were  caught  up  and  momentarily  tumbled  about  in  the  vortex 
created  by  the  ascending  bathyscaphe.  As  the  craft  rose,  some  fishes  apparently  were  stunned 
or  killed  by  the  bathyscaphe's  large,  gasoline-filled  float,  and  they  were  inert  and  turning 
slowly  end  over  end  as  they  passed  by  the  viewing  port. 

The  only  opportunity  for  prolonged  observation  of  midwater  fishes  occurred  on  two 
occasions  when  the  bathyscaphe's  descent  had  been  slowed  by  an  overdischarge  of  ballast. 

Small  groups  of  yearling  Pacific  hake  (Mertucdus  productus)  swam  slowly  back  and  forth  in 
front  of  the  viewing  port,  occasionally  erecting  their  dorsal  spines.  In  this  case  they  were 
obviously  attrseted  to  the  craft,  following  it  both  up  and  down  for  short  distances. 

Trieste  II 

Conditions  for  viewing  mesopelagic  fishes  were  improved  in  Trieste  II  by  installation  of 
additional  lights  and  more  powerful  motors,  which  permitted  cruising  at  middepths.  On  a  dive 
during  early  morning  hours  in  the  San  Diego  Trough,  (S  March  1964,  at  32°52  *  N,  1 17*27*  W), 
targe  numbers  of  myctophids  first  were  noted  motionless  in  a  vertical  position,  the  m^ority 
with  their  heads  down.  These  were  seen  at  the  fringes  of  the  light  field.  The  fishes  that  we 
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descended  on  at  close  range  broke  with  a  start  from  their  lethargic  state  and  rapidly  swam  down¬ 
ward  in  quick,  jerky  flights.  When  such  fish  could  be  kept  in  view,  they  were  seen  to  resume 
again  a  vertical,  immobile  position,  some  with  head  up,  others  head  down.  This  behavior  was 
most  surprising  because  myctophids  at  the  surface  at  night  under  a  ship’s  lights,  are  frequently 
darting  at  random,  even  leaping  above  the  surface  and  leaving  a  shower  of  sinking  scales  behind 
while  escaping  an  attacking  squid. 

Cousteau  Saucer 

The  small  Cousteau  Soucoupe  Sous  Marine  (Diving  Saucer)  is  ideally  suited  for  midwater 
observations.  Buoyancy  can  be  trimmed  to  maintain  a  constant  depth,  and  an  unobstructed, 
well-illuminated  field  of  view  is  provided.  By  remaining  motionless  with  all  lights  and  motors 
turned  off  and  then  switching  on  the  lights,  a  good  impression  of  the  normal  behavior  and 
posture  of  midwater  organisms  can  be  obtained.  This  technique  of  alternating  light  and  dark 
periods  was  used  to  study  the  migrations  of  deep  scattering  layers  (DSL)  in  four  dives  (3  to  4 
February  1965)  off  Cabo  San  Lucas,  Baja  California,  at  about  22°50'  N,  109°40'  W  (Barham, 
1966).  Swarms  of  a  large  (8  to  10  cm  in  length),  silvery -scaled  myctophid  (probably  Myctophum 
aurolatematum)  were  observed  swimming  in  a  series  of  quick,  random  movements  of  about  1  m, 
alternating  with  motionless,  short  pauses.  (This  is  similar  to  the  behavior  one  sees  when 
myctophids  come  to  ships’  lights  at  night  in  surface  waters.)  A  few  small  (5  to  7  cm),  black 
myctophids  (probably  Lampanyctus  mexicanus)  were  seen  also,  vertically  oriented,  hanging 
motionless  at  the  edges  of  the  light  field. 

Deepstar  4000 

With  this  background,  we  made  a  special  effort  to  take  data  on  mesopeiagic  fishes  observed 
during  the  Deepstar  dive  series  in  1966.  Deepstar  is  essentially  a  larger  Cousteau  Diving  Saucer 
with  greater  depth  capability  and  payload.  When  an  instrument  rack  is  not  in  place,  there  is  a 
good  view,  only  partially  obstructed  by  the  overhanging  brow.  The  observer  Iks  comfortably  on 
a  couch  behind  the  viewing  port,  dictates  notes  to  a  tape  recorder,  and  can  activate  both  a  70- 
mm  still  camera  with  slaved  strobe  flash  and  a  1 6-mm  cinecamera.  Various  lights  can  be  turned 
off  or  on  to  provide  best  illumination  for  near-  or  far-fleld  viewing.  A  second  observer  sits  in  the 
rear  and  can  assist  by  reading  instruments,  taking  notes,  and  maintaining  communications  with 
the  surface  support  ship  via  underwater  telephone.  As  in  all  deep  suburbia  operations,  the 
skill,  interest,  and  motivation  of  the  pilot,  who  lies  beside  the  principal  observer,  viewing  from 
his  port,  are  of  utmost  importance  in  taking  good  data.  (See  Terry,  1966,  for  a  detailed  descrip¬ 
tion  of  this  craft  and  the  other  DSV’i  used.) 

[hiring  the  course  of  the  program,  we  gained  the  impression  that  more  midwater  organisms 
could  be  seen,  and  in  their  natural  postures,  by  drifting  slowly  up  or  down  with  the  motors  off. 
(Possible  reasons  for  this  effect  will  be  discussed  later.)  The  dives  were  planned,  however,  to 
study  the  depth  relationship  of  organisms  to  DSL’s  and  other  acoustic  features.  With  the  bal¬ 
lasting  system  then  in  use,  Deepstar  could  establish  neutral  buoyancy  at  only  one  depth  after 
the  descent  weight  was  jettisoned.  Thus,  the  dives  were  mark  in  stepwise  descending  transects, 
running  constantly  on  the  motors  to  maintain  t  relatively  stable  level  at  several  depths  chosen  on 
the  basis  of  scattering  conditions  recorded  by  a  surface  ship  previous  to  the  dive. 

The  general  posture  and  vertical  distribution  of  all  myctophids,  Cyciothone  sp.  and 
Bathylagus  stUbius  observed  during  six  dives  over  a  7-month  period  are  shown  in  Figure  1.  Based 
on  similarity  of  dive  pattern,  these  data  were  selected  from  t  larger  body  of  information.  By 
running  on  the  motors  at  speeds  varying  from  0.5  to  2.0  knots  (0.95  to  3.7  km/hr)  to  maintain 
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Figure  1.  Vertical  distribution  and  general  orientation  of  mesopeUgk  fishes  commonly 
observed  in  six  Deep  star  dives  in  1966.  The  June  to  November  dives  were  made  within  1  km  of 
32*25'  N.  117°30’  W.  The  December  dive  was  13  km  to  the  SE  at  32*20’N,  117*19’ W,  but 
still  in  the  San  Diego  Trough.  Time  span  for  the  dives  are  shown  at  the  head  of  each  column, 
and  total  observation  time  for  each  dive  is  indicated  in  parentheses  under  the  dotted  line 
marking  the  lower  limit  of  the  dive.  All  quiescent  fishes  oriented  at  angles  greater  than  about 
30°  from  the  horizontal  are  indicated  in  "V”  columns;  those  fishes  horizontal,  either 
swimming  or  motionless,  are  scored  in  the  “H"  columns.  Total  fish  counts  for  each  dive  and 
the  percent  of  those  that  were  vertically  oriented  are  Sited  below  etch  set  of  data. 


the  desired  level,  horizontal  transects  were  made  at  the  depths  Indicated  by  the  arrows  on  Fig¬ 
ure  1 .  Depth  of  Deepuar  was  recorded  by  an  echo  sounder  directed  upward.  At  each  transect 
level,  observations  were  made  during  four  2-min.  periods  of  light  (provided  by  1 ,000-w  and 
500-w  lamps)  alternating  with  periods  of  darkness  of  the  same  duration.  While  descending,  be¬ 
tween  transect*,  2-min.  lighted  observations  were  made  at  the  approximate  20-m  intervals  shown 
by  dots.  Time  span  for  the  dives  are  shown  at  the  bod  of  each  column,  and  total  observation 
time  for  each  dive  is  indicated  in  parentheses  under  the  broken  line  marking  the  lower  limit  of 
the  dive.  The  vertical  distribution  of  the  fhhes  is  plotted  in  20-m  groups. 

The  vast  majority  of  the  myctophids  were  either  Ltmpmyctus  kucopmtu  or  L  imxiotmu, 
the  latter  species  predominating  at  depths  below  500  m.  Those  vertically  oriented  Cycbthone, 
identified  with  assurance,  were  large  individuals  of  the  blade  C  ocettnidem,  found  generally  be¬ 
low  400  m.  The  majority  of  Cyciothone  sighted  above  400  m  were  C.  ttgnati,  a  small,  weakly 
swimming  species  with  sparse  pigmentation.  This  tpeciet  can  be  recognized  only  within  2  m  of 
the  viewing  port,  where  it  usually  is  washed  about  helplessly  by  the  DSV’s  pressure  wave.  Its 
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normal  posture  appears  to  be  horizontal.  Sightings  of  Bathylagus  stiibius  are,  without  excep¬ 
tion,  limited  to  depths  below  500  m.  Those  fishes  listed  as  “unidentified”  were  almost  all  mem¬ 
bers  of  these  groups,  but  were  seen  either  at  such  a  distance  or  so  fieetingly  that  a  definite  de¬ 
termination  could  not  be  made.  The  it  relative  numbers  tended  to  decline  following  the  July 
dive,  a  result  of  increasing  confidence  m  our  field  identifications.  Considerable  numbers  of 
hatchetfishes  ( Sternoptychidae )  also  were  observed;  these  time.-  were  sometimes  motionless,  but 
always  horizontally  oriented.  Most  hatchetfishes  appeared  to  be  Atgyropelecus  pacificus  or 
A.  mtermedhis.  A  few  were  probably  A.  lychnus  or  A.  hawaiensis ,  jUsser  numbers  were  defi¬ 
nitely  Stemoptyx  diapmna.  When  Decpstar  was  underway,  most  hatchetfishes  were  sighted  in 
rapid  flight.  We  have  approached  slowly,  however,  hatchetfishes  that  remained  motionless  (al¬ 
though  their  fins  were  vibrating)  until  almost  in  contact  with  the  craft.  They  the"  turned 
rapidly  back  and  forth  three  or  four  timer  within  their  own  length  before  darting  away.  On 
other  occasions  when  wit  were  moving  rapidly,  hatchetfishes  took  flight,  usually  downward,  at 
considerable  distances  from  the  boat.  Several  unidentified  barracudinas  (J Pwralepididae ),  and 
snipe  eels  {Nemichthyidae)  were  seen  vertically  oriented,  but  in  a  highly  active  state. 

Above  550  m,  the  total  cumbers  of  fishes  and  the  percent  of  those  vertically  oriented  arc 
clearly  dominated  by  the  fluctuations  in  the  myctophid  community.  I  r^pany^nis  ljucopmrus 
and  L  mexicanus  population;  appear  to  drift  in  loose  aggregates  HecatioC  count*  c  .  the  fishes 
taken  on  two  consecutive  dives  made  on  the  same  day  can  diffe-  more  l-hsn  the  results  of  diver 
made  at  monthly  intervals,  these  aggregations  must  be  dispersed  w  idely.  (Apparently ,  estimates 
of  population  density  baaed  on  individual  dives  are  no  better  tr  m  individual  net  hauls ) 

The  results  of  the  September  dive  desente  (pedal  attention.  Oi<  this  dive,  following  the  deep¬ 
est  observations,  the  descending  weight  was  dropped,  and  Dre-  tfar  climbed  slowly  (about  15 
m/:nin)  on  its  motors  while  other  work  was  done.  At  a  depth  of  540  m,  the  ascent  weight  was 
dropped  without  motor  noise.  The  DSV  rose  rapidly  with  tk  lighu  continuously  on  while  the 
data  on  the  left  side  of  Figure  2  were  obtained.  Deepstsr  was  tilted  up  at  s  steep  angle,  and  w  e 
had  a  clear  view  (partially  obstructed  by  the  overha- gins  brow  when  the  craft  was  in  s  hori¬ 
zontal  or  down  position)  of  the  undisturbed  em  \onment  above  and  in  front  o?  us.  Fully  97% 
of  the  273  myctophids  noted  during  the  aaoent  were  imm  obile  rnd  hanging  in  a  vertical  position. 
All  but  three  individuals  at  the  lower  levels  were  orierfsd  with  their  heads  uppermost.  The 
lantemfishes  sighted  between  350  and  260  m  were  young  Lamptnyctus  kucopwuj,  4  to  5  cm  in 
length.  Only  six  individuals  of  this  size  chat  had  been  noted  at  the  came  depths  during  the 
descent  transects  of  the  same  dive.  During  the  ascert,  notes  were  dictated  a  nunuousfy  while 
the  coobt*  rver  read  off  depths  from  a  bourdon  pressure  gage  (£  tips  tori  upward-looking 
depth  recorder  does  not  function  properly  when  the  bmt  U  angled  s’ reply  in  the  ascent  posi¬ 
tion.)  In  Figure  2  the  fish  counts  (shown  under  posture  symbols)  have  been  bracketed  to  the 
depth  notations. 

As  soon  as  Deepsur't  batteries  could  be  recharged,  another  dive  was  made,  this  one  entirely 
during  hours  of  darkness.  The  data  taken  while  descending  in  step  fashion,  as  described  earlier, 
are  plotted  on  the  right  ride  of  Figure  2.  Only  31%  of  the  92  myctophids  in  the  upper  100  m 
were  in  vertical  position  and  inactive  when  firr  wen.  The  vast  majority  of  these  were  the  small 
size  clan  of  Uanpanyctut  kucopmus.  A  few  were  mature  apedroens  of  the  same  qpeefes,  and 
several  of  the  i  ctlre  Individuals  looked  tflee  Tartetonbemm  cr*miiaru.  Below  100  m,  68%  of  the 
$4  lanterafishes  righted  were  inactive  and  fat  vertical  position.  Mott  of  then  were  mature  indi¬ 
viduals,  L  leucopmnu  predominated  at  shallower  levels,  and  L.  mexkxmtt  at  the  greater  depths. 

Further  conriderations  of  the  effects  of  DSY1!  txA  Nrir  mode  of  operation  on  the  firivts  seen 
is  in  order.  When  wt  were  moving  horizontally  on  Dtcptfer  r  motors,  lethargic,  vertically 
oriented  fishes  were  seen  just  as  the  lights  ere  turned  on.  If  at  a  distance,  such  fbhes  resumed 


LETHARGY  AND  VERTICAL  ORIENTATION 


05 


0«L 


S3 


PAY  NHHT 

US}  _  I6}7  T«e  -  0,13 


DSL 


CtCLCt'tWf,  tMM>  4k*  HATCH*  t 

nv<tc+K^»  titHfi 

Figure  1  Compmthre  day -night  verticil  distribution  and  pc neni&pd  pocture  of  commonly 
observed  mtiopcUf.i*  fish**  op  Dteptiar  dive*.  iS  to  16  September  1966.  TV  '*U  in  the 
ksft-henJ  column  vrere  taken  white  atc-snutog  to  tie  r'rfec*,  ftwture  symbols  tad  coital  ere 
bracketed  to  -Jepth  rodtoft  ukea  from  a  pressure  ftps  TV  data  in  the  right-hand  column 
were  taken  while  descending  in  stepwise  fashion  and  alternating  tights  oa  and  off.  Ptrehtre 
sym tots  tad  counts  here  been  bracketed  to  SO-m  depth  totem!*,  and  the  total  obaarottoa 
time  at  etch  level  it  given  to  parentheses  Temperature  readings  Cram  •  thermistor  taken  at 
about  50-m  increments  cs  the  daytime  dire  art  given  between  the  columns.  Facsimies  of 
achoprems  recorded  on  a  surface  ship  at  the  tosses  of  the  obetreattoas  are  shown  adjacent  to 
the  dne  data 


unaffected  by  the  craft's  presence.  But  as  Ektpttar  neared,  they  quickly  rescind  as  they  entered 
the  intense  region  of  the  light  field  or  when  the  photographic  strobe  tight  was  activated.  Mycto- 
phids  responded  to  these  fitopnh  by  breaking  front  their  torpor  and  swimming  down  ami  away 
from  the  craft  h  a  series  of  rapid  flights  interspersed  with  dtort  pauses  and  dight  changes  of 
direction.  Bsthylagids  responded  umuariy,  but  they  maintained  a  steadier  course.  Cycbthone 
acefaintens  also  took  flight,  although  it  is  a  slow,  fluttering  rw  kroner.  Occasionally,  aO  three 
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fishes  resumed  their  vertical  posture  after  making  these  rapid  movements.  As  previously  noted, 
they  reorient  with  their  heads  either  in  the  original  position  or  reversed. 

While  Deepstar  was  quietly  ascending  or  descending  with  the  floodlights  on,  unseen  fishes  in 
the  immediate  path  o,'  the  craft  probably  were  stimulated  into  action  before  entering  our  field 
of  view.  Consequently,  a  higher  percentage  of  those  that  were  observed  were  seen  undisturbed 
and  in  quiescent  vertical  position.  We  generally  seemed  to  get  higher  fish  counts  when  Deepstar 
was  slowly  diifting  up  or  down,  and  the  motor  noise  associated  with  horizontal  transects  may 
have  altered  some  fishes,  repelling  them  before  they  entered  our  light  field.  Apparently,  fishes 
respond  differently  to  the  noise  produced  by  different  DSV’s.  The  Cousteau  diving  saucer  has  a 
water  propulsion  system  that  has  no  noticeable  effect  on  fishes.  Deepstar  has  two  propellers 
driven  by  electric  motors;  either  the  direct-to-alternating  current-inverter  “whine”  or  the  “snap” 
of  switch  contacts  when  motor  speed  changes  are  made  seems  to  repel  fishes.  This  makes  it  dif¬ 
ficult  to  position  the  boat  so  that  lethargic,  vertically  oriented  fishes  can  be  photographed  with¬ 
out  triggering  them  into  evasive  action.  When  Deepstar  was  sinking  slowly  backwards,  lethargic 
fishes  occasionally  drifted  around  from  the  shadow  zone  on  the  sides  to  a  position  just  in  front 
of  the  viewing  port,  where  they  could  be  observed  critically,  but  were  not  in  a  position  to  be 
photographed  by  the  fixed  cameras.  Numerous  pictures  of  vertically  oriented  fishes  were  taken, 
but  always  at  a  distance.  (Figure  3).  3ney  are  not  as  revealing  as  short  segments  of  motion  pic¬ 
tures  showing  motionless,  vertically  oriented  fishes  and  their  quick  evasive  actions  when  we 
approached  them. 

On  24  September  1967, 1  had  a  brief  opportunity  to  observe  myctophids  in  the  Atlantic 
Ocean  off  the  New  England  coast  (39°48'  N,  70° 3 2'  W)  from  thfc  Woods  Hole  Oceanographic 
Institution’s  Alvin.  The  objective  of  the  dive  was  to  study  benthic  fauna  in  c<  llaboration  with 
Drs.  H.  Sanders,  R.  Hessler,  and  R.  Scheltema.  On  Dive  224,  after  a  prolonged  transect  of  the 
bottom,  Alvin  rose  rapidly  to  the  surface  while  I  viewed  constantly  from  the  pilot’s  forward 
port.  Between  about  550  and  350  m,  we  first  passed  through  scattered  individuals  and  then 
tremendous  concentrations  of  a  large  myctophid,  all  swimming  rapidly  downward  and  away 
from  us,  apparently  in  panic.  At  times  it  seemed  as  if  the  water  literally  was  raining  myctophids. 
These  were,  undoubtedly,  the  same  populations  studied  in  detail  the  following  week  by  Backus 
et  al.  (1968).  By  homing  on  large  targets  with  FM  sonar,  these  workers  clearly  showed  that  this 
species,  Ceratoscopelus  maderensis,  forms  dense  concentrations  that  are  responsible  for  certain 
distinctive  acoustic  features. 

In  December  1967,  we  had  further  opportunities  to  obseive  rnesopelagic  fishes  in  waters 
other  than  the  California  Current  using  Deepstar.  Some  observations  made  on  seven  dives  in 
coastal  regions  between  Puntarenas,  Costa  Rica,  and  Acapulco,  Mexico,  are  briefly  summarized 
here.  During  most  of  these  dives,  perhaps  to  our  observational  advantage,  Deepstar’s  inverters 
were  inoperative.  Without  motors,  the  craft  could  only  sink  or  rise  slowly,  or  maintain  a 
relatively  steady  position  by  ballasting. 

Countless  numbers  of  myctophids  were  observed.  On  some  occasions  these  formed  such 
dense  swarms  that  they  literally  surrounded  the  boat.  They  behaved  in  a  way  similar  to  the 
behavior  reported  for  Ceratoscopelus  maderensis  in  western  Atlantic  slope  water  by  Backus  and 
his  coworkers  (1968).  These  myctophids  Benthosema  panamense  were  identified  from  speci¬ 
mens  that  lodged  under  the  boat’s  fairings.  In  all  cases,  this  species  was  highly  active,  swimming 
rapidly  in  typical  myctophid  fashion.  The  fishes  were  strongly  attracted  to  the  craft’s  lights 
and,  on  one  occasion,  followed  us  downward  some  300  m.  As  off  Cabo  San  Lucas  in  the  earlier 
Cousteau  saucer  divr ;,  only  a  few  small,  black  myctophids  were  noted  in  the  lethargic  state  and 
vertically  oriented  at  the  edges  of  the  light  field. 
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Several  snipe  -  eels  (family  N  emichthyidae )  were  seen  vertically  oriented  with  their  heads 
uppermost  and  the  midsections  of  their  long  snakelike  bodies  thrown  into  sinusoidal  curves.  On 
several  occasions,  between  1 50  and  250  m  near  the  top  of  myctophid  populations,  large  (25  to 
30  cm)  fishes  were  seen  vertically  oriented.  Their  heads  were  uppermost,  and  at  times,  rapid 
vibrations  would  run  the  length  of  their  elongated,  silvery  bodies.  Their  bodies  were  so  com¬ 
pressed  that  when  their  ventral  or  dorsal  aspects  were  turned  to  the  viewer,  they  seemed  to  dis¬ 
appear.  These  were  probably  cutlassfish  (family  Trichiuridae). 

DISCUSSION 

What  have  been  the  impressions  of  other  underwater  observers?  Commenting  on  his  pioneer¬ 
ing  observations  from  the  bathysphere,  Beebe  (1935)  was  smitten  by  the  “great  activity  of  all 
the  creatures  except  such  as  jellies  and  siphonophores,”  and,  although  he  saw  many  gonostomatids 
and  myctophids,  he  makes  no  mention  of  lethargy  or  vertical  orientation.  Many  of  the  observers 
reporting  on  dives  in  the  French  bathyscaphes  in  the  Mediterranean  and  adjacent  Atlantic  waters 
slave  noted  that  the  barracudina,  Paralepis  ( =Notoleph )  rissoi,  frequently  holds  itself  rigidly  up¬ 
right,  at  times  motionless  but  with  fins  vibrating,  and  then  darts  rapidly  away  oriented  horizon¬ 
tally  (Fumestin,  1955;  Peres,  Piccard,  and  Ruivo,  1957;  Trlgouboff,  1956, 1958).  Fumestin, 
who  first  reported  on  the  odd  behavior  of  P.  rissoi,  based  on  the  identification  on  a  specimen  ac¬ 
cidentally  caught  in  the  superstructure  of  the  FNRS-3  bathyscaphe.  The  barracudina  we  have  seen 
vertically  oriented  in  the  Deepstar  dives  is  probably  the  subspecies  Paralepis  rissoi  rissoi  Coinci¬ 
dentally,  another  paralepidid,  Paralepis  atlantica,  observed  swimming  normally,  was  snagged 
between  the  Deepstar’s  sphere  and  cowling  on  the  June  1966  dive.  Bernard  (1955)  saw 
Syngmthus  sp.  in  conjugating  pairs  actively  swimming  while  vertically  oriented,  and  Marshall 
(1960)  quotes  a  letter  from  Perks  stating  he  had  watched  Chauliodus  sloani  hover  obliquely  in 
the  water.  Ti<ere  is  no  mention  in  these  works  of  vertical  orientation  or  its  relation  to  lethargy 
in  the  types  of  fishes  reported  on  here.  Perks  (1958a)  does  note  that  Cyclothone  sp.  are 
frequently  immobile,  but  both  PeVes  (1958b)  and  Tregouboff  (1958)  comment  that  myctophids 
are  always  in  constant  motion.  It  thus  appears  that  the  connection  between  lethargy  and  verti¬ 
cal  posture  in  mesopelagic  fishes  has  not  been  made  previously  in  the  literature. 

In  personal  communications,  however,  several  colleagues  have  informed  me  about  seeing 
lethargic,  vertically  oriented  fishes  from  DSV's.  During  a  late  afternoon  dive  on  the  day  previous 
to  ours  in  Trieste  II  in  the  San  Diego  Tvough,  Dr.  R.  Dill  reported  seeing  many  “small  fishes'1 
(very  probably  myctophids)  oriented  vertically  with  their  heads  up  as  the  bathyscaphe  rapidly 
descended  to  the  bottom  for  geological  studies.  More  recently.  Dr.  W.  Clarke  told  me  that  while 
diving  in  Pisces  in  the  Northeast  Pacific  off  British  Columbia  and  again  in  Deepstar  in  the  Gulf 
of  Mexico,  he  noted  some  myctophids  in  vertical  position  and  immobile.  Dr.  D.  Cohen  informed 
me  that  in  Deepstar  dives  in  the  Atlantic  he  saw  many  paralepidids  and  snipe  -  eels  in  vertical 
position,  but  not  myctophids  or  other  common  mesopelagic  fishes.  Dr.  R.  Backus  also  told  of 
seeing  elongated,  predaceous  fishes  in  the  vertical  position.  Concerning  myctophids,  Backus  and 
his  colleagues  (1968)  reported  that  the  shoals  of  Ceratoscopelus  maderensis  were  at  rest.  “They 
hung  motionlessly  in  the  water,  sometimes  horizontally,  but  often  a  little  obliquely. 11  The  fish 
reacted  to  the  presence  of  Alvin  by  swimming  vigorous-y  away.  They  also  gained  the  impres¬ 
sion  that  “Schools  deep  in  the  layer  appeared  to  react  more  slowly  and  less  vigorously _ ’* 

Clearly  there  are  striking  differences  in  the  observed  behavior  of  mesopelagic  fishes,  particularly 
the  myctophids.  We  will  attempt  later  to  reconcile  some  of  these  conflicts,  but  first  let  us  con¬ 
sider  what  roles  lethargy  and  vertical  orientation  may  play  in  the  lives  of  these  fishes. 
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Lethargy 

The  behavior  and  posture  of  many  mesopelagic  fishes  observed  in  1966  Deepstar  dive  series 
is  quite  similar  to  that  observed  by  Russian  fishery  biologists  in  the  North  Atlantic  from  the  sub¬ 
marine  Severyanka  of  herring  said  to  have  been  hibernating  at  relatively  shallow  depths. 
(Ryzhenko,  1962;  Ryzhenko,  Sokolov,  Zolotov,  and  Khromov,  1961).  Reportedly,  the  herring 
were  completely  immobile.  Generally  they  are  vertically  oriented,  although  occasionally  they 
are  horizontal  in  posture,  but  with  their  ventral  surfaces  uppermost.  Hibernation  in  other 
shallow-water  marine  fishes  is  known,  typically  in  cold  waters,  and  the  fishes  involved  charac¬ 
teristically  store  large  amounts  of  fat  (Nikolsky,  1963).  Interestingly,  the  adults  of  both 
Lampanyctus  leucopsarus  and  L.  mexicanus  have  regressed  swimbladders  copiously  invested 
with  fatty  tissue  (Capen,  1967),  and  this  organ  in  adult  Cyclothone  acclinidens  is  filled  with 
lipid  material  (Marshall,  1960). 

Note  in  Figure  2  that  about  70%  of  the  myctophids  seen  in  the  upper  100  m  at  night  were 
active  and  swimming  horizontally.  The  majority  of  these  fishes  appeared  to  belong  to  the  same 
population  of  adolescent  Lampanyctus  leucopsarus  that  had  been  observed  the  previous  after¬ 
noon  virtually  all  vertically  oriented  and  immobile.  This  suggests  that  the  fish’s  energy -expending 
activities  are  mainly  restricted  to  their  stay  in  shallow  waters.  As  suggested  by  Marshall  (1960), 
there  is  no  rule  that  says  all  individuals  of  a  population  must  migrate  to  the  surface  every  night. 
Note  again  in  Figure  2  that  over  half  of  the  adult  myctophids  seen  during  the  night  dive  at  depths 
below  100  m  were  immobile  and  vertically  oriented.  Perhaps  at  certain  stages  in  the  lives  of 
some  myctophids,  a  state  of  suspended  activity  with  little  or  no  diurnal  vertical  movement  is 
maintained  for  prolonged  periods  of  time.  Recall,  however,  that  when  triggered  into  action  by 
an  approaching  DSV,  these  fishes  are  capable  of  rapid  evasive  movement.  Perhaps  then,  these 
fishes  have  conformed  to  the  stresses  of  their  environment  by  developing  a  pattern  of  lethargic 
behavior,  a  modified  type  of  hibernation  that  allows  them  to  conserve  energy,  remain  incon¬ 
spicuous  to  their  predators,  and  yet  be  capable  of  quick  response  to  attack. 

Regarding  lethargy  in  Cyclothone  acclinidens  and  bathylagids,  as  well  as  myctophids,  work  by 
Karineu  (1965)  shows  that  the  activity  of  the  respiratory  enzyme,  succinic  dehydrogenase,  is 
inversely  related  to  the  depth  of  capture  of  mesopelagic  fishes.  Thus,  some  degree  of  suspended 
activity  might  be  expected  in  many  deep-dwelling  pelagic  fishes. 

Another  line  of  biochemical  research  bears  on  this  discussion.  Nevenzel,  Rodegker,  Robinson, 
and  Kayama  (1970)  have  studied  the  lipids  of  eight  species  of  myctophids.  In  four  of  these 
species,  the  lipid  content  of  the  whole  fish  is  three  to  four  times  greater  than  in  the  oti  ers.  Three 
of  these  four  species,  Lampanyctus  leucopsarus,  L.  mexicanus,  and  L.  ritteri,  have  atrophied, 
fat-surrounded  swimbladders.  The  fourth  species,  Diaphus  theta,  is  a  dilemma.  Capen’s  (1967) 
specimens  were  netted  off  Japan  and  had  normal  swimbladders,  yet  individuals  of  what  is 
apparently  the  same  species  taken  off  California  have  swimbladders  similar  to  L.  leucopsarus, 

L.  mexicanus,  and  L.  ritteri.  None  of  the  four  species  with  low  total  lipid  content  ( Hygophum 
reinhardtii,  Tarletonbeania  crenularis,  Symbolophorus  evermanni,  and  S.  califomiensis) 
appear  to  have  this  type  of  swimbladder  as  adults.  Nevenzel  and  his  associates  did  not  specifi¬ 
cally  analyze  swimbladders,  but  the  same  general  ratios  of  total  lipid  content  hold  for  muscle 
tissue  and  viscera  taken  from  the  two  sets  of  fishes.  Thus  it  seems  that  high  lipid  content  is 
associated  with  mesopelagic  fishes  in  which  lethargy  and  its  related  vertical  orientation  are  well- 
developed. 

In  summary,  Marshall  (1960)  has  pointed  out  that  the  anatomical  evolution  of  mesopelagic 
fishes  has  been  shaped  by  their  environmental  stresses  of  hydrostatic  pressure,  dim  light,  sparse 
food,  and,  perhaps  most  important,  cold  water,  which  reduces  metabolic  activity  and  increases 
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the  viscosity  of  the  medium  through  which  they  must  move.  These  factors  have  resulted  in  a 
degradation  of  their  muscle  and  bone  tissue.  It  appears  that  in  some  mesopelagic  fishes,  reduc¬ 
tion  of  activity,  such  as  discussed  here,  is  a  behavioral  corollary. 

Vertical  Orientation 

Odd  body  postures  of  fishes  are  hardly  unknown.  Some  shallow-water  marine  fishes  typically 
orient  at  odd  angles  in  thigmotactic  response  to  their  physical  environment.  They  align  them¬ 
selves  in  relation  to  sea  urchin  spines,  coral,  and  gorgonian  fronds  in  what  appears  to  be  a  pro¬ 
tective  adaptation.  As  a  possible  extension  of  this  function,  a  new  gobioid  fish  has  been  reported 
recently  by  Cohen  and  Davis  (1969)  that,  even  when  evading  Scuba  divers,  maintains  a  vertical , 
heads-up  posture  while  swimming  several  feet  from  a  vertical  underwater  cliff.  In  other  cases, 
there  seems  to  be  no  apparent  rationale  for  atypical  orientation.  For  example,  certain  characins, 
though  not  bottom  feeders,  go  around  with  the  forepart  of  their  bodies  tilted  down,  and  shrimp- 
fish  Aeoliscus  strigatus  live  in  schools  and  swim  rapidly  in  the  vertical  position  with  their  heads 
down.  Immobility  does  tend  to  make  mesopelagic  fishes  inconspicuous  to  the  human  eye 
(perhaps  to  their  predators  as  well),  and  there  may  be  a  further  protective  advantage  to  vertical 
orientation.  In  the  San  Diego  Trough,  the  water  usually  is  filled  with  vertically  hanging  detrital 
“strings”  about  10  cm  in  length,  fhese  strings  strongly  reflect  light,  and  a  quiescent  fish  at  the 
edge  of  the  light  field  in  areas  of  such  detritus  is  hard  to  recognize  until  it  moves.  The  subjec¬ 
tive  impression  one  gets  is  that  these  little  fishes,  like  so  many  rabbits,  are  hiding  in  the  weeds. 

It  should  be  noted,  however,  that  vertical  orientation  is  not  confined  to  fishes.  It  is  also 
common  in  chaetognaths,  tomopterids,  copepods,  some  squid,  and  certain  siphonophores. 

In  the  case  of  myctophids,  another  possible  adaptive  function  of  vertical  orientation  is 
related  to  buoyancy  mechanisms  and  vertical  migration.  Freshly  netted,  moribund,  adult 
Lampanyctus  leucopsarus  and  L.  mexicanus  sink  when  placed  in  shipboard  aquaria.  Capen’s 
(1967)  sucrose  solution  experiments  on  a  size  series  of  freshly  trawled  L.  mexicams  show  that 
adults  over  30  mm  standard  length  (SL)  have  a  density  between  1 .025  and  1 .037  g/cm3 .  Thus, 
they  probably  have  a  slight  negative  buoyancy  in  relation  to  sea  water  of  density  1 .026.  The 
question  then  arises,  how  do  the  apparently  inert,  vertically  oriented  adults  maintain  their 
optimum  depth. 

We  generally  view  the  fishes  from  a  moving  platform,  and  it  is  difficult  to  verify  whether 
lethargic,  vertically  oriented  myctophids  are  maintaining  a  constant  level.  At  times,  however, 
when  Deepstar  was  virtually  motionless,  no  marked  vertical  movements  were  noted.  Fin  or  body 
vibrations  were  not  discernible.  Obvious,  however,  were  rhythmic  opercular  movements  at  3-  to 
4-sec  intervals  that  produced  the  flow  of  respiratory  water  over  the  gills.  Shallow-water  fishes 
keeping  a  fixed,  midwater,  horizontal  position  make  reverse  power  strokes  with  their  pectoral 
fins  to  compensate  for  the  jet  action  of  water  forced  through  their  gill  chambers.  It  is  reasonable 
to  assume  that  myctophids  use  similar  respiratory  currents  to  maintain  or  raise  themselves  in 
the  water  column  against  their  slight  negative  buoyancy.  The  young  myctophids  observed  during 
the  ascent  from  the  daytime  September  dive  were  probably  just  beginning  their  evening  ascent. 
They  were,  without  exception,  polarized  with  their  heads  uppermost.  They  may  have  been 
literally  “breathing”  their  way  to  shallower  depths. 

Most  young  Lampanyctus  leucopsarus  and  L.  mexicanus  float  after  capture,  and  studies  of 
the  latter  species  show  that  at  intermediate  growth  stages,  the  fat  deposits  investing  the  swim- 
bladders  are  only  partially  developed  (Capen,  1967).  Whereas  their  tissues  are  then  denser  than 
those  of  the  adults,  (ranging  from  1 .050  to  1 .067  g/cm3),  a  small  gas  phase  is  generally  present 
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in  specimens  under  42  mm  SL.  Thus,  though  young  adults  use  fat  to  compensate  for  most  of 
their  bulk,  they  still  may  secrete  and  rescrb  a  small  gas  bubble  for  critical  buoyancy  trim. 

A  case  of  functional  adaptation  for  vertical  orientation  of  the  swimbladderless  Bathylagus 
stilbius  is  not  made  so  easily  as  for  the  myctophids.  Most  tend  to  be  oriented  either  head  up  or 
down,  at  45°  angles  rather  than  strictly  vertically,  and  spasmodic  body  tremors  and  fin  move¬ 
ments  are  noticeable.  Based  on  dives  deeper  than  those  discussed  here,  the  large  and  consistently 
present  B.  stilbius  population  extends  to  about  1000  m.  This  species  apparently  does  not 
regularly  make  extensive  diurnal  migrations,  but  at  times  they  do  come  to  the  surface  in  large 
numbers.  We  took  48  specimens  in  early  evening  surface  net  hauls  in  the  San  Diego  Trough,  13 
January  1966.  Forty -five  of  these  were  large  (80  to  1 10  mm  SL)  heavily  gravid  females,  one  was 
an  immature  female,  and  two  were  small,  immature  males  (35  to  55  mm  SL).  This  suggests  sex- 
related  behavior  similar  to  that  of  the  myctophid,  Tarletonbenia  crenularis  (Bolin,  1961). 
Apparently,  mating  is  carried  on  at  their  lower  depth  levels,  for  on  two  occasions  during  dives  in 
Trieste  II  (February  to  March  1964),  several  pairs  of  bathylagids  were  seen  vent  to  vent,  with 
tremors  passing  through  their  vertically  oriented  bodies. 

What  can  be  said  of  such  fishes  as  paralepidids,  snipe  eels,  and  cutlassfishes  in  which  vertical 
orientation  seems  to  be  so  common?  They  all  seem  to  lack  swimblariders  and  upturned  eyes,  but 
have  elongated,  silvery  bodies  and  predacous  habits.  Perhaps  this  posture  is  an  Advantage  in 
stalking  and  capturing  their  prey  from  below,  as  suggested  by  Harrisson  (1967)  and  others. 

Bioluminescence 

Dotting  the  bodies  of  myctophids  and  gonostomids  are  bioluminescent  organs  and  glands,  and 
the  possible  functions  of  these  light-producing  organs  have  long  been  the  subject  of  conjecture 
(see  McAllister,  1967,  for  a  recent  comprehensive  review).  In  at  least  72%  of  the  42  fish  families 
known  to  be  bioluminescent,  these  photophores  tend  to  be  concentrated  along  the  ventral  body 
surface  (D.E.  McAllister,  personal  communication).  Because  of  this,  Garke  (1963)  has  cham¬ 
pioned  the  idea  that  such  light  organs  might  produce  constant,  low-level  luminescence  that  would 
protect  them  from  deeper -living  predators  by  matching  the  downcoming  light  level,  thus  pro¬ 
viding  a  type  of  “countershading.”  Obviously,  this  would  not  work  when  such  fishes  are  verti¬ 
cally  oriented.  On  the  affirmative  side,  however,  note  that  hatchetfishes,  Cyclothone  signata, 
and  the  few  melanostomiatids  we  have  observed  have  never  been  seen  in  this  position;  these 
fishes  better  fit  Garke ’s  conditions  of  association  of  photophores  with  pigmented  body  areas. 
Then,  too,  the  principle  still  may  apply  to  myctophids  while  they  are  in  a  horizontal  position 
and  in  an  active  mode. 

Our  in  situ  observations  so  far  have  contributed  little  to  the  bioluminescence  enigma.  I  have 
looked  for  bioluminescence  associated  with  fishes  at  times  when  lights  on  submersible  vehicles 
had  failed  or  were  turned  out.  With  one  exception,  the  only  bioluminescent  patterns  I  have  been 
able  to  associate  with  large  organisms  have  been  in  ctenophores,  salps,  and  siphon ophores. 

During  a  Trieste  II  dive,  March  1964,  at  about  450  m  in  the  San  Diego  Trough,  a  piece  of  equip¬ 
ment  suspended  from  the  bathyscaphe  float  hit  a  lethargic,  vertically  oriented  myctophid.  The 
fish  gave  off  a  bright  blue  flash  of  such  intensity  that  it  could  be  seen  against  the  artificial  light 
field  of  the  craft.  The  flash  very  probably  was  from  the  caudal  gland,  or  so-called  “stem  chaser." 
The  fish  then  darted  away.  At  certain  times,  when  the  DSV  was  moving  forward  or  dropping 
rapidly,  I  saw  small,  unidentified  objects  strike  against  the  front  of  the  craft  and  emit  a  bright 
flash  that  was  discernible  against  the  artificial  light  field.  Streamers  of  bioluminescent  piaterial 
may  have  lingered  momentarily.  From  darkened  Dee  pit  or,  I  have  noted  relatively  targe, 
amorphous  structures  emitting  a  steady  glow.  When  the  lights  were  turned  on,  however,  only 
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f  a  films  of  organic  material  could  be  associated  with  the  regions  where  the  glow  was  seen, 

»  gestive  of  biolumintscent  bacteria  adsorbed  to  detrital  material.  My  eyes  were  not  fully  dark 
adapted,  however,  and  I  could  have  failed  to  note  other  low-level  light  sources. 

One  other  small  point  of  interest.  Deepstar  was  equipped  with  a  xeon  “flasher”  to  aid  the 
surface  ship’s  crew  in  locating  the  vehicle  when  it  surfaced  at  night.  This  “flasher”  usually  would 
be  turned  on  at  about  SO  m,  and  its  first  flash  would  evoke  a  bright  bioluminescenl  response 
from  the  surrounding  water.  The  response  to  subsequent  flashes  would  be  less  and  less  inten¬ 
sity  until  they  were  no  longer  discernible. 

Before  postulating  further  adaptive  functions  for  the  bioluminescence  of  marine  organisms, 
perhaps  it  is  time  to  reconsider  the  basic  biochemical  role  of  this  process,  as  suggested  by 
Hastings  (1968). 

Net  Avoidance 

Studies  show  that  catches  of  mesopelagic  fishes  in  midwater  trawls  to  400  m  of  depth  are 
generally  more  productive  at  night  than  during  the  day  (Paxton,  1967;  Pearcy  and  Laurs,  1966). 
This  generally  is  thought  to  result  from  visual  avoidance  of  the  nets  under  brighter  daytime 
light  conditions.  Observe  a  net  being  hauled  to  the  surface  at  night.  Usually  the  posterior  region 
of  the  net  is  aglow  with  bioluminescing,  captured  organisms,  and  passage  of  the  towing  wire  and 
the  net’s  bridle  and  mouth-frame  through  the  water  are  triggering  “sparkle”  and  bright  bio- 
luminescent  flashes.  One  would  think  that  if  a  fish’s  visual  equipment  is  capable  of  seeing  an 
approaching  net  in  the  dimly  lit  waters  of  its  daytime  depths,  it  certainly  should  be  able  to  sense 
such  a  “fiery  apparition.” 

Consider  another  explanation  for  the  day-night  difference  in  catch.  Harrisson  (1967)  has 
discussed  in  detail  the  relationship  of  fish  orientation  to  net  avoidance.  If  the  swimming  speed 
of  a  fish  and  velocity  of  a  net  are  of  about  the  same  order,  the  most  effective  escape  path  for  the 
fish  is  at  right  angles  to  the  path  of  the  net.  As  previously  noted,  when  vertically  oriented, 
lethargic  fishes  are  stimulated  into  action  by  an  approaching  DSV,  they  swim  rapidly  downward. 
Thus,  their  escape  path  to  horizontally  towed  nets  is  probably  always  at  a  high  angle.  If  at  night¬ 
time,  however,  more  of  these  fishes  are  actively  swimming  at  random  directions  in  relation  to 
the  net’s  course,  then  their  chances  of  being  captured  are  increased  greatly. 

Metabolic  state  may  also  play  a  role  in  net  avoidance.  Judging  from  the  behavior  of 
myctophids  at  the  surface  at  night  when  attacked  by  squid  under  the  ship’s  lights,  the  fish  are 
capable  of  vigorous  evasive  action,  even  jumping  clear  of  the  water  and  skipping  along  the  sur¬ 
face.  They  soon  become  exhausted,  however,  and  usually  are  taken  by  repeated  attacks,  appar¬ 
ently  being  incapable  of  prolonged,  hard  activity.  It  would  seem  logical  that  fishes  actively 
feeding  or  being  fed  upon  at  night  might  be  nearer  their  exhaustion  point  and  less  capable  of 
making  that  first  critical  evasive  action  (nets  only  “attack”  once)  than  inactive,  resting  daytime 
fishes  “cocked  and  primed”  for  escape. 

In  this  context,  the  vulnerability  of  mesopelagic  fishes  to  large  objects  coming  up  beneath 
them  (as  observed  in  the  Trieste  I  dives)  causes  one  to  recall  the  amazingly  heavy  catches  taken 
with  the  old,  vertically  hauled,  standard  meter  nets  compared,  in  terras  of  the  volume  of  water 
sampled,  to  our  present  elaborate,  but  horizontally  hauled,  midwater  trawls  (see  Harrisson, 

1967,  for  a  (totalled  discussion  of  sampling  methods).  In  view  of  the  behavioral  characteristics  of 
mesopelagic  fishes  discussed  here,  it  might  be  rewarding  to  take  a  fresh  look  at  the  relative 
efficiency  of  these  two  modes  of  net  hauling.  At  the  toast,  metabolic  state,  state  of  aggregation, 
and  associated  behavior  should  be  considered  in  population  studies  of  mesopelagic  fishes  baaed 
on  net-catch  data. 
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Sound  Scattering  Aspects 

Based  on  known  distribution,  habits,  net  catch  data,  and  the  presence  of  a  potentially  reso¬ 
nant  gas-filled  swimbladder  in  many  species,  the  mesopelagic  fishes,  particularly  the  myctophids, 
long  have  been  thought  to  be  responsible  for  much  of  the  middepth,  midfrequency  (12  to  24 
kHz),  diurnally  migrating  sound  scattering  in  the  oceans.  (See  Hersey  and  Backus,  1962,  for  a 
review  of  the  early  literature.)  Much  recent  evidence  from  several  lines  of  approach  strongly  sub¬ 
stantiates  this  view.  In  situ  observations  clearly  have  established  the  spatial  relationship  between 
some  myctophid  populations  and  sound-scattering  features  (Backus,  et  al.,  1968;  and  Barham, 
1966),  and  acoustic  experiments  (Batzler  and  Pickwell,  1970;  McCartney,  1970)  reinforce  the 
importance  of  resonance. 

In  this  context,  the  situation  off  southern  California,  where  much  of  our  work  has  been  done, 
is  perplexing.  At  times,  a  strong  migrhtory  layer  centered  at  about  3C0  m  at  its  daytime  depth  is 
clearly  caused  by  physonectid  siphonophores  with  carbon-monoxide-filled  pneumatophores, 
whereas  observable  myctophids  are  scarce  or  concentrated  well  below  this  level  (Barham,  1963). 

A  further  complicating  factor  is  that  the  adults  of  the  dominant  species  of  myctophids  in  this 
area  have  fat-occluded  swimbladders;  therefore,  they  should  be  relatively  weak  sound  scatterers. 
The  data  obtained  from  all  the  Deepstar  dives  pertaining  to  scattering  have  not  been  analyzed 
completely,  but  it  appears  that  at  times  physonects  dominate  at  DSL  depths,  at  other  times,  a 
mixed  population  of  physonects  and  small  myctophids  or  other  fishes  are  present,  and,  more 
rarely,  as  in  the  September  dives,  large  numbers  of  small  myctophids  are  concentrated  at  these 
depths.  In  all  cases,  however,  the  fully  grown  adults  are  concentrated  at  deepei  levels.  When  we 
recall  that  Capen’s  (1967)  studies  of  Lampanyctus  leucopsarus  and  L.  mexicanus  indicated  that 
immature  myctophids  of  both  species  contain  potentially  resonant  small  gas  bubbles,  this  begins 
to  make  some  sense. 

Consider  Figure  2  again.  Adjacent  to  the  dive  data  are  facsimiles  of  echograms  taken  simulta¬ 
neously  from  a  surface  ship  using  a  12-kHz  transducer  and  a  Gifft  recorder.  During  the  afternoon 
ascent  (left  side  oi  Figure  2),  all  but  one  of  the  121  myctophids  sighted  between  260  and  250  m, 
near  the  top  of  the  scattering  layer,  were  adolescents,  whereas  the  mature  individuals  were  con¬ 
centrated  below  all  recorded  layers.  At  dusk,  a  component  from  this  layer  migrated  upward,  and 
the  intermediate  water  levels  filled  with  discrete  targets.  A  more  prominent  DSL  component 
rose  only  slightly,  split  in  two,  and  maintained  this  level  throughout  the  night  (right  side  of 
Figure  2).  Such  “nonrr.igratory”  layers  (or  components  of  layers)  are  common  and  widespread. 
Net  hauls  taken  about  100  miles  to  the  south  of  the  San  Diego  Trough  in  the  deep  oceanic 
waters  adjacent  to  Guadalupe  island  showed  that  hatchetfishes  inhabited  such  layers  (Pickwell, 
Capen,  and  Sloan,  1968).  The  vertical  distribution  of  these  fishes  as  observed  during  the 
September  1966  Deepstar  dives,  provides  additional  evidence  that  associates  hatchetfishes  with 
nonmigratory  layers.  Note,  as  well,  that  the  adult  myctophids  have  apparently  moved  upward  so 
that  their  populations  also  coincide  with  the  nonmigratory  layer  components.  In  addition, 
Midttun  and  Hoff  (1962)  have  demonstrated  that  the  target  strength  of  cod  and  coalfish  is 
markedly  reduced  reduced  (20  to  30  dB)  when  they  are  oriented  at  oblique  angles  in  the  sound 
cone.  Changes  in  posture  by  myctophids,  such  as  vertical  orientation,  may  then  affect  volume 
reverberation  levels. 

Two  IVpes  of  Myctophids 

Some  years  ago,  Marshall  (1960)  argued  that  myctophids  must  be  highly  active  at  their  day¬ 
time  depths  to  pass  enough  water  over  their  gills  for  swimbladder  inflation.  Yet,  in  the  same 
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work,  he  theorized  that  such  fishes  living  in  an  oxygen-minimum  layer  suspend  their  activities 
during  the  day,  and  suggested  that  “daytime  observations  from  a  bathyscaphe  might  well  be 
revealing.” 

Gearly,  there  are  striking  differences  in  the  observed  behavior  of  myctophids.  This  can  be 
reconciled  if  we  accept  the  view  that  there  are  two  types  of  myctophids,  each  with  related 
structures  and  behavior.  One  type  can  be  termed  the  “active”  or  Myctophum  type;  the  other 
the  “inactive”  or  Lampanyctus  type.  Species  of  the  active  type  apparently  either  lack  swim- 
bladders  or  have  large,  gas-filled  swimbladders  and  well-developed  related  structures  •  gas  gland, 
rete  mirabilia.  oval  (Marshall,  1960).  Lipid  content  of  their  swimbladders  is  relatively  low. 
We  can  further  generalize  and  say  they  have  silvery  or  brassy  scales,  large  eyes,  and  firm  bodies, 
usually  with  a  thin  peduncle.  They  dwell  at  intermediate  depths  in  tropical  and  subtropical 
waters  and  in  the  superficial  layers  in  colder  oceans.  They  migrate  to  the  surface  at  night,  where 
they  are  positively  phototactic  to  light  of  medium  intensity,  collect  around  ship’s  lights,  and  can 
be  dipnetted.  The  adults  are  concentrated  at  scattering  layer  depths  during  daylight  hours, 
where  occasionally  they  form  large  concentrations.  They  are  attracted  to  the  lights  of  the  DSV 
and  will  follow  the  craft  for  long  distances.  Examples  described  in  this  paper  would  be 
Myctophum  aurolatematum,  Benthosema  panamese,  and  Ceratoscopelis  maderensis.  (Because 
I  had  no  opportunity  to  observe  C.  maderensis  when  it  was  not  being  terrorized  by  the  rapidly 
rising  Alvin,  this  fish  is  added  to  the  list  with  some  reservations.)  Species  of  the  inactive  type,  on 
the  other  hand,  have  atrophied  swimbladders,  overgrown  with  fat  and  plugged  with  tissue.  The 
organs  have  a  high  lipid  content.  They  are  darker  in  color,  have  small-  or  medium-size  eyes,  and 
are  soft-bodied,  usually  with  a  thick  peduncle.  The  fishes  may  migrate  toward  the  surface  at 
night,  but  only  rarely  reach  the  surface.  They  are  not  attracted  to  lights  and  seldom  can  be 
dipnetted.  The  adults  are  concentrated  below  scattering  layer  depths  where  they  frequently 
drift  passively  in  vertical  position.  In  the  California  Current,  the  adolescents  may  be  concen¬ 
trated  at  DSL  depths.  They  are  negatively  phototactic  to  the  lights  of  the  DSV  and,  when 
stimulated  by  the  presence  of  such  a  craft,  break  from  their  topor  and  swim  rapidly  away.  Exam¬ 
ples  would  be  Lampanyctus  leucopsarus  and  L,  mexicanus.  Of  the  various  anatomical  character¬ 
istics  associated  with  behavioral  traits,  the  nature  of  the  swimbladder  would  seem  the  most 
important. 

These  conclusions  are  generalities  and  represent  dear-cut  extremes.  Inevitably,  there  will  be 
intergrades  and,  perhaps,  chancres  •"  behavioral  patterns  associated  with  stages  in  life  cyde, 
season,  and  environmental  conditions. 

Having  long  pondered  the  problems  and  enigmas  of  the  deep  scattering  layer,  I  conclude  that 
to  fully  understand  the  complexities  of  this  phenomenon,  we  must  first  understand  the  biology 
of  mesopelagic  fishes. 
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DISCUSSION 

Roper:  I  was  interested  in  the  comments  about  inactivity  of  fish  with  fat  reserves  rather  than 
gas  bladders.  This  is  reminiscent  of  an  observation  that  I  have  made  in  one  species  of  deep4hing 
oephalopod.  It  is  a  squid  called  Bathy  ttu  this  tbysskole  that  occurs  from  about  500  to  2500  m. 

I  was  able  to  keep  this  animal  alive  for  several  days  in  an  aquarium  aboard  ship  in  the  Antarctic. 
One  of  the  things  that  puzzled  me  at  the  time  was  that  it  was  a  very  lethargic  animal  that  did  not 
swim  around  much,  although  it  is  not  as  weakly  muscled  as  you  might  think.  It  would  hang  with 
iu  head  down  in  the  water.  When  I  started  to  look  at  it  in  more  detail,  I  discovered  that  the 
liver,  instead  of  being  a  solid  mass  as  in  moat  other  cephalpoda.  was  a  aeries  of  two  chambers  that 
were  filled  with  ofl.  The*  squid  hang  vertica&y  in  the  water  presumably  using  the  og-ftQed 
chambers  as  buoyancy  tanks.  This  is  something  I  have  wanted  to  follow  up,  but  I  have  not  been 
able  to  yet. 

Barham:  That  is  very  interesting.  We  see  a  lot  of  squid,  deep-sea  squid,  that  are  vertical  hi  the 
water. 

Roper:  Right  Also,  there  are  other  kinds  o£ squid  that  coooentrate  ammonium  ions  and  that 
hug  heed  up  or  heed  down  in  the  water.  One  of  the  groups,  the  Chkotscthidae,  has  extremely 
large  arms  where  the  lightweight  ions  are  concentrated.  I  have  observed  a  specks  of  Q&otauthts 
hanging  heed  up  in  the  water.  Some  of  the  others,  the  Craoduidae,  concentrate  the  ions  in  a  sac 
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in  the  mantle  cavity;  they  hang  nv-  '  ;>wn  while  “resting,"  but  they  do  orient  horizontally  while 
swimming. 

Coh?n:  Eric,  I  think  what  you  really  have  to  explain  to  us  is  why  any  of  them  orient  horizontally, 
because  if  you  have  vertically  migrating  fishes  that  spend  3  hours  a  day  going  up  and  the  another 
3  hours  going  down,  why  in  the  world  should  they  turn  horizontal  when  they  get  up  or  down? 

Barham:  That  is  a  very  interesting  point.  I’m  glad  you  brought  that  up,  because  there  is  one 
thing  1  forgot  to  men^on  which  I  think  is  rather  speculative  but  worth  throwing  out.  The  only 
movement  of  myctophids  that  you  will  see  when  you  really  get  a  good  look  at  them  is  opercular 
movements  about  every  2  or  3  sec,  and  !  have  toyed  with  the  idea  that  these  fishes  are  maintain¬ 
ing  themselves  in  the  water  column.  You  see,  they  are  just  slightly  negatively  buoyant  (the  ones 
that  Capen  measured  with  his  sucrose  experiments);  they  relate  to  what  we  were  discussing  ear¬ 
lier.  With  these  respiratory  currents,  if  they  breathed  a  little,  it  would  hold  them  up.  If  they 
started  breathing  a  little  faster,  why  the  next  thing  you  know  they  would  get  these  jets  of  water 
from  their  operculae  and  they  would  breathe  their  way  to  the  surface.  On  one  occasion  we  made 
a  dive  early  in  the  morning  and  we  did  see  them  head  down.  We  wondered  whether  they  mi)' 
breathe  their  way  down  again,  but  I'm  not  sure  about  this.  I  do  think  that  here  is  something  they 
might  as  well  utilize,  this  work  that  they  are  doing,  and  we  do  see  this  very  striking  contraction 
of  the  opercular  plates. 

Craddock:  Have  you  ever  seen  them  light  up? 

Barham:  No,  I  haven  t,  and  1  have  looked  for  it.  The  only  time  1  have  ever  seen  biolumincsccnce 
from  a  myctophid  is  one  that  m  hit  with  part  of  the  vehicle.  This  was  apparently  the  stem 
chaser  (infracaudal  gland)  which  went  off  with  a  big  flash.  You  see  a  lot  of  bioluminescence  in 
the  water;  I  have  piaved  game  of  turning  off  the  lights,  seeing  something  that  is  biolumines- 
cent,  and  then  fucking  the  lights  on  very  rapidly  to  try  and  identity  it.  I  have  seen  siphonophores 
that  hsvs  beta  bioluminescent;  I  have  seen  ctenophores,  medusae,  and  cope  pods,  I  think,  that 
wili  hit  up  against  the  vising  port  and  bioluminesce  so  brightly  that  you  can  even  see  them  when 
the  lights  are  on.  The  only  thing  that  1  can  see  normally  when  playing  this  game  is  just  a  dctrital 
film  out  there  which  has  a  steady  state  glow  associated  *v.h  it  as  if  its  elements  were  biolumines- 
cent  bacteria. 

Craddock:  Incidentally  the  Centoxopelus  that  we  saw  appeared  to  be  sort  of  asleep,  but  they 
were  not  vertically  oriented. 

Clarke,  W.:  I  was  on  some  of  those  dives,  too,  with  Craddock,  Haedrkk,  and  Backus  We  used 
a  flashlight  out  of  the  port  to  observe  the  fish.  We  were  able  to  see  the  distances  between  eye¬ 
balls  of  the  individual  fish  remain  constant  as  long  as  the  major  light  sources  were  off;  in  other 
words,  they  were  inactive.  As  soon  as  we  turned  the  main  light  sources  on,  they  started  swim¬ 
ming  down  out  of  the  field.  This  is  an  observation  we  all  made.  The  other  thing  concerning  this 
luminescence  is  that  on  two  occasions  during  the  Gulf  divas  when  we  had  lantern  ash  Ln  view,  we 
turned  the  lights  off  and  caught  an  afterglow  from  them.  I  don’t  think  that  this  was  a  residual 
image  on  the  retina  because  one  time  I  covered  my  eyes  ami  had  them  turn  the  lights  out,  and  I 
could  see  the  glow  of  fish  as  soon  as  I  uncovered;  when  they  turned  the  U|hu  on,  the  fish  were 
there  again.  It  would  seem  they  had  pulled  up  their  luminescence  to  counter  the  intense  light 
Held;  they  were  caught  off  guard,  so  to  speak,  and  you  could  watch  that  luminescence  gradually 
fade  in  the  darkness  when  the  lights  were  turned  out. 
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Barham:  I  may  have  mined  it  BUI.  i  have  never  dark -adapted  my  eyes,  and  it  has  dways  been 
something  we  have  done  when  the  lights  failed  or  something  else. 

Clarke,  W.:  One  other  thing  in  defense  of  this  orientation  business.  I  have  seen  this  heads-up 
behavior  quite  commonly  during  midday  inactive  periods.  There  is  no  real  need  for  the  fish  to 
use  a  countershading  luminescence  under  these  circumstances;  they  are  essentially  inactive. 
Hopefully,  their  predators  are  inactive.  It  would  be  rather  like  the  terrestrial  nocturnal  animals 
during  the  day.  They  all  sort  of  hole  up  and  there  is  a  truce  for  awhile.  But  during  the  migration 
period  when  the  lantemfishes  get  to  the  surface  and  are  feeding,  everything  is  active  and  turned 
on,  so  to  speak.  At  these  times  I  would  assume  that  you  would  have  more  horizontal  orientation 
and  predator  pressures.  This  is  the  time  when  you  would  expect  the  countershading  lumines¬ 
cence.  I  have  never  advocated  that  it  be  used  continuously. 

Backus:  The  vertically  oriented  fishes  that  I  saw  were  all  species  that  were  very  elongate,  trichi- 
uroids  like  Diplospinus,  Benthodesmus ,  and  some  paralepidids  or  barracudinas,  snipe  eels  like 
Nemichthys- one  of  which  I  saw  go  from  head  up  position  and  swim  over  into  head  down  posi¬ 
tion-all  very  elongate  species  that  were  precisely  vertical  in  the  water.  Moderately  elongate 
species  like  Chauliodus  and  Stomias  were  more  or  less  horizontal.  The  Ceratoscopelus  madarensis 
in  the  large  schools  were  more  or  less  horizontal,  although  sometimes  head  up  a  little  or  head 
down  a  little.  These  fit  into  Eric’s  second  category  of  myctophids  in  that  they  were  lethargic; 
they  fit  his  other  criteria  for  class  two  except  that  they  do  have  a  gas-filled  rather  than  a  fat-filled 
swimbladder  and  the  orientation  is  somewhat  different. 

Kinzer:  In  the  antagonistic  behavior  of  Nannostomus  we  know  from  observations  by  Wickler 
that  these  fishes  assume  a  head-down  position,  which  is  the  characteristic  gesture  of  these  fresh¬ 
water  fish  during  fighting.  They  do  this  by  altering  their  swimbladder  volume.  The  sudden  re¬ 
duction  in  their  specific  weight  is  compensated  by  movement  of  pectoral  fins  or  other  fins. 
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ABSTRACT 

Project  “Ocean  Acre,"  a  joint  enterprise  of  scientists  from  the  Smithsonian  Institution,  Univer¬ 
sity  of  Rhode  Island,  Navy  Underwater  Sound  Laboratory,  and  Naval  Oceanographic  Office,  is 
sampling  the  fauna  of  the  water  column  beneath  a  one-degree  square  area  southeast  of  Bermuda.  The 
ultimate  goal  is  to  establish  with  precision  the  abundance,  vertical  distributions,  and  vertical  migration 
patterns  of  all  mesopelagic  species  and  to  relate  these  to  acoustical,  physicochemical,  biological,  and 
seasonal  phenomena.  Seven  cruises  were  made  between  October  1967  and  September  1969.  The 
discrete-depth  sampler  developed  by  Aron  et  al.  at  General  Motors  was  used  whenever  possible  (three 
successful  cruises  to  date).  A  6-foot  1  KMT  was  used  on  two  cruises;  a  1 0-foot  I  KMT  was  used  on  the 
other  five.  A  large  Engel  trawl  was  used  on  one  cruise  Of  277  samples,  1  S3  are  from  known  discrete 
depths.  Coverage  is  good  for  depths  of  SO  to  600  m  both  day  and  night,  but  sparse  from  600  to  1 300  m. 
Nondiscrete  samples  have  been  made  to  2300  m. 

The  most  abundant  fishes  are  species  of  the  families  Myctophidae  (lantemfishes,  58  spp.), 
Gonostomatidae  (22  spp.),  Stemoptychidae  (hatchetfishes,  3  spp.),  and  Melamphaidae  (9  spp.).  Spe¬ 
cies  with  well-developed  swimbladders  can  be  correlated  with  1 2-kHz  scattering  layers,  and  only  a  few 
species  may  be  responsible  for  some  layers.  T wo  species,  a  hatchetfish,  Argyropelecus  hemigymnus, 
and  a  gonostomatid,  Valenclennellus  tripunctulatus,  apparently  migrate  little  or  not  at  all  and  are  most 
abundant  between  400  and  600  m,  where  a  broad  scattering  layer  is  seen  both  day  and  night.  Several 
species  live  at  this  same  level  during  daytime,  but  migrate  upward  at  night  (viz.  the  lantemfishes, 
Notolychnus  vaidiviae,  Diaphus  mollis,  Lobianchla  dofleini),  accounting  for  nighttime  diminution  of 
this  scattering  layer.  Many  migrators  inhabit  deep  thermocline  depths  of  700  to  1 100  m  during  the  day 
unu  migr&ui  upward  a,  .« tew  s,  vats  remain  a»  the^e  Jbpt*”'  't  nil  'urn.*  (e.g.  Uternoptyx 

diaphana).  1  he  vast  majority  of  migrators,  regardless  of  daytime  depths,  occur  in  the  upper  2S0  m  at 
night.  The  complicated  patterns  of  scattering  layers  during  migration  periods  probably  are  due  to  these 
many  different  species  migrating  from  different  depths  and  reaching  different  levels  at  different  times. 
Young  of  the  gempylid  Diplospinus  multlstrictus  and  juvenile  puffers  may  be  responsible  for  much 
sound  scattering  in  the  upper  200  m  at  all  tibies. 

Among  the  cephalopods,  the  enoploteuthid  Pyroteuthis  margaritifera,  the  most  abundant  cephalo- 
pod  in  Ocean  Acre  samples,  exhibits  die!  migration,  living  at  300  to  500  m  during  the  day  and  ascend¬ 
ing  to  100  to  200  m  at  night.  Pterygioteuthls  giardi  occurs  at  300  to  500  m  during  the  day  and  at  50  to 
200  m  at  night,  with  a  peak  concentration  at  50  to  1 00  m.  These  species  appear  to  move  in  coincidence 
with  the  major  portion  of  the  1 2-kHz  sound  scattering  layer.  Data  on  less  abundant  species  are  not  as 
complete,  but  indicate  that  both  vertical  migrators  and  nonmigrators  exist. 
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INTRODUCTION 

Sampling  of  midwater  macroorganisms  has  been  conducted  for  at  least  a  century  and  hat  been 
particularly  intense  during  the  past  two  decades.  This  sampling  generally  has  been  the  result  of 
surveys  or  transects,  where  the  area  sampled  has  been  visitei  only  once  or  twice.  With  few  excep¬ 
tions,  sampling  has  been  accomplished  with  nonclosing  nets,  and  the  nets  used  in  a  given  survey 
generally  have  been  of  one  size  only.  Because  of  these  limitations,  precise  information  on  the 
behavior  of  midwater  organisms  has  been  lacking.  For  example,  knowledge  about  the  vertical 
distribution  of  a  species  or  a  community  had  to  be  based  on  in%ence  derived  from  open-net 
sampling,  which,  at  best,  yields  insufficient  data.  Little  reliable  information  was  accumulated 
about  life  histories  and  seasonal  variations  of  species. 

With  these  problems  in  mind,  biologists  from  the  Smithsonian  Institution,  the  Bureau  of 
Commercial  Fisheries,  and  the  University  of  Rhode  Island  conceived  the  Ocean  Acre  project. 

The  Ocean  Acre  concept  was  to  select  a  single  small  area,  to  sample  the  water  column  of  the  area 
intensively  with  several  types  and  sizes  of  collecting  gear  with  particular  emphasis  on  discrete- 
depth  samplers,  and  to  visit  the  designated  area  during  all  seasons  of  the  year  for  a  period  of 
several  years.  With  this  approach  we  would  be  able  to  determine  with  precision  the  pattern  of 
vertical  distribution  and  abundance  of  individual  species,  to  understand  the  community  relation¬ 
ships  of  the  species,  and  to  ascertain  how  these  aspects  are  related  to  acoustical,  oceanographic, 
and  other  observed  environmental  phenomena.  A  comprehensive  study  of  this  sort  would  form 
the  basis  for  comparative  studies  in  other  oceanic  regions. 

Early  support  for  the  Ocean  Acre  project  came  from  the  Smithsonian  Institution  and  the 
University  of  Rhode  Island.  The  bulk  of  the  support  since  then  has  been  provided  by  the  U.S. 
Navy  Underwater  Sound  Laboratory,1  which,  in  addition  to  funding,  has  added  acoustical  exper¬ 
tise.  Field  assistance  has  been  provided  by  all  of  the  above  institutions  as  well  as  the  Bureau  of 
Commercial  Fisheries  and  the  U.S.  Naval  Oceanographic  Office. 

THE  AREA  AND  ITS  OCEANOGRAPHY 

The  area  selected  for  the  Ocean  Acre  study  is  centered  east  of  Bermuda  at  32°N  64°  W,  and  it 
encompasses  a  1°  square  area.  This  site  was  selected  because  it  has  a  relatively  simple  oceano¬ 
graphic  regime  (when  compared  with  the  Gulf  Stream,  for  instance);  physicochemical  data  are 
available  for  a  period  of  more  than  10  years  (Schroeder  and  Stommel,  1969);  and  the  fauna  is 
relatively  well  known.  The  depth  of  water  in  the  l°-square  area  ranges  from  about  2000  m  in  the 
northwest  comer  to  4500  m  in  the  southeast  region.  The  following  summary  of  tire  physical 
oceanography  is  based  on  our  own  measurements,  Schroeder  and  Stommel  (1969),  Brooks  et  al. 
(1968),  Stommel  (1965),  ajd  Sverdrup  et  al.(1942). 

The  Surface  Water  Mass  occupies  the  upper  600  m.  Surface  temperatures  range  from  20° - 
29°C,  and  the  salinity  is  generally  quite  high-above  36.40/<x>.  A  seasonal  shallow  thermocline 
between  50  and  150  m  is  developed  from  about  April  to  November,  being  most  intense  in 
August.  Within  this  thermocline,  the  temperature  can  drop  as  much  as  8*C  in  a  vertical  distance 
of  50  m.  Below  this  thermocline  both  temperature  and  salinity  are  quite  uniform  to  about 
600  m-about  18-19°C  and  36.2  °/««. 

A  permanent  deep  thermohalocline  occurs  from  about  600  to  1 100  m  and  has  the  general 
characteristics  of  Nath  Atlantic  Central  Water.  Within  this  depth  range,  the  temperature 
changes  from  about  18°C  to  6°C,  and  the  salinity  from  about  36.2°/e»  to  35.0°/«o.  Intermediate 
Water  is  present  between  1 100  and  2000  m,  with  temperatures  between  5i°and  4.0°C  and 
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a  salinity  of  about  35.0‘7«>.  Below  2000  m  the  temperature  drops  below  3,5°C  and  the 
salinity  is  around  35.0 °/»;  these  are  general  characteristics  of  North  Atlantic  Deep  Water. 

Oxygen  levels  are  generally  between  4.5-S.5  ml/1  at  thf  surface  and  decrease  until  700-900  m, 
where  an  oxygen  minimum  layer  occurs  with  concentrations  around  3.5  ml/1.  Below  this, 
oxygen  concentrations  rise  to  above  6.0  ml/1  at  2000-3000  m. 

Sound-scattering  phenomena  are  more  difficult  to  summarize.  With  a  12-kHz  sound  source, 
a  weak  and  variable  scattering  layer  is  usually  present  at  0-150  m  during  the  day  and  a  deeper, 
stronger  layer  occurs  between  400  and  600  m.  At  night  the  scattering  layer  is  prominent  be¬ 
tween  0  and  250  m,  and  the  400-600  m  layer,  though  diminished  and  narrower,  is  still  intact. 

BIOLOGICAL  SAMPLING 

Seven  cruises  have  been  taken  to  date.  Discrete-depth  samples  were  obtained  during  three 
cruises:  on  Acre  1 ,  using  a  6-foot  Isaacs-Kidd  Midwater  Trawl  (KMT),  and  on  Acre  4  and  6, 
using  a  10-foot  IKMT.  All  other  cruises  have  used  open  IKMT’s-6  foot  on  Acre  2, 10  foot  on 
Acre  3, 5,  and  7.  In  addition,  neuston  samples  have  been  made  using  1-m  plankton  nets. 

During  Acre  7,  trials  Were  carried  out  using  large  Engel  trawls,  with  the  expectation  of  capturing 
the  larger  and  swifter  elements  of  the  midwater  fauna. 

The  discrete-depth  sampler  used  is  that  developed  by  General  Motors  (Aron,  Raxter,  Noel, 
and  Andrews,  1964).  The  environmental  sensors  have  been  inoperative,  and  depths  during 
trawling  have  been  estimated  from  wire  angles  or  by  a  Benthos  depth-telemetering  pinger  and 
checked  by  a  time-depth  recorder  attached  to  the  spreader  bar. 

The  data-collecting  program  would  ideally  comprise  four  cruises  each  year  in  order  to  secure 
seasonal  information.  The  collecting  regime  is  set  up  to  sample  selected  depths  at  least  once 
during  each  cruise  during  the  day,  at  night,  and  during  both  dawn  and  dusk  migration  periods. 
Each  depth  has  been  selected  with  respect  to  the  observed  acoustic  and  oceanographic  char¬ 
acteristics  of  the  water  column.  Day  and  night  discrete-depth  sampling  is  done  at  12  depths 
down  to  1500  m  (Table  1).  Five  depth  levels  down  to  1250  m  (100-200  m,  300-400  m, 

500-600  m,  800  m,  1250  m)  are  sampled  during  dawn  and  dusk  migration  periods.  For  reasons 
beyond  our  control,  neither  the  full  seasonal  nor  the  full  depth  coverage  have  been  realized. 

During  Acre  1,  the  sampling  rationale  with  the  discrete-depth  gear  was  to  employ  one  cham¬ 
ber  to  sample  a  given  depth  horizontally,  the  second  chamber  to  sample  diagonally  to  a  second 
depth,  the  third  chamber  to  sample  the  second  discrete  depth  horizontally,  and  the  fourth 
chamber  to  sample  diagonally  from  the  last  depth  to  the  surface.  In  this  way,  only  two  truly 
discrete-depth  samples  were  obtained  from  each  set  of  the  trawl,  although  the  first  oblique 
sample  (the  second  chamber)  may  also  be  considered  discrete,  particularly  when  the  depth 
increment  between  the  two  horizontal  tows  is  reasonably  small. 

On  Acre  4  and  Acre  6  the  net  was  set  to  a  given  depth,  and  all  three  discrete-depth  samples 
were  made  at  this  depth  for  one  hour  apiece.  This  method  allows  the  collecting  of  three 
replicate  samples  at  each  sampled  depth  and  minimizes  the  possibility  of  contamination. 

The  first  seven  cruises  (Acre  1  through  7)  have  yielded  277  individual  samples,  of  which  153 
are  from  discrete  depths  (Tabic  2).  The  discrete-depth  samples  are  almost  entirely  from  the 
upper  600  m;  only  seven  are  from  600-1300  m.  Open-net  samples  have  been  made  to  2500  m. 
The  depth  and  time  coverage  of  the  sampling  program  are  shown  in  Fig.  1 ;  the  chart  is  used  for 
the  preliminary  plotting  of  the  vertical  occurrence  of  species.  Table  3  presents  a  summary  of 
the  sampling  results  in  terms  of  the  number  of  meter-hours  of  sampling  at  each  depth  stratum. 
Meter-hours,  the  standard  used  for  comparing  different  samples  regardless  of  size  of  net  or 
duration  of  tow,  is  defined  as  the  area  in  meters  of  the  mouth  opening  of  the  net  times  the 
number  of  hours  sampled.  Differences  in  ship  speed  are  not  taken  into  account. 
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Table  1 .  Sampling  Regime:  Day  and  Night  Sampling  Depths 


Depth  in  m 

General  Region 

Surface 

(Neuston  Tows) 

50 

Above  shallow  thermocline 

100 

In  thermocline 

150 

Below  thermocline 

200 

Above  daytime  DSL 

300 

Above  daytime  DSL 

400 

Top  of  daytime  DSL 

500 

Middle  of  daytime  DSL 

600 

Lower  daytime  DSL 

800 

In  deep  thermohalocline 

1000 

Bottom  of  deep  thermohalocline 

1250 

Below  deep  thermohalocline 

1500 

Below  deep  thermohalocline 

Preliminary  analyses  in  the  following  sections  are  made  primarily  on  the  basis  of  the  charts 
(Fig.  1)  for  individual  species.  The  general  patterns  of  vertical  distribution  and  of  diel  migration 
are  indicated  by  blocking  in  the  boxes  that  represent  positive  samples.  Additional  information 
is  gained  by  adding  numbers  of  specimens  in  the  positive  rectangles.  Presently  the  data  are 
being  prepared  for  computer  use,  which  will,  for  example,  enable  more  precise  and  sophisticated 
analyses  of  distributions  and  community  relationships. 

FISHES 

Based  on  our  own  determinations  and  those  in  the  literature,  we  estimate  the  presence  in 
Ocean  Acre  of  more  than  300  fish  species  belonging  to  about  80  families.  Many  of  these, 
particularly  in  the  upper  200  m,  are  larvae,  postlarvae,  and  juveniles  of  shore  fishes. 

In  terms  of  numbers  of  specimens  in  our  samples,  the  most  abundant  families  by  far  are 
Myctophidae  (58  species),  Gonostomatidae  (22  species),  Stemoptychkiae  (3  species),  and 
Melamphaidae  (9  species).  These  four  families  include  more  than  one-quarter  of  all  species 
expected  in  Ocean  Acre.  We  estimate  that  they  account  for  about  two-thirds  to  three-fourths  of 
the  individuals  caught.  Most  of  the  species  in  these  families  possess  a  gas-filled  swimbiadder, 
either  as  juveniles  or  at  all  stages  of  growth.  Biecause  of  their  obvious  importance  in  interpreting 
sound-scattering  phenomena,  and  because  of  their  dominance  in  the  ichthyofauna,  we  have  con¬ 
centrated  our  preliminary  analyses  on  these  four  families. 


Table  2.  Biological  Trawl  Samples  Taken  on  the  First  Seven  Ocean  Acre  Cruises 


Table  3.  Meter-Hour*  of  Sampling  by  Depth  During  Acre  1  Through  Acre  7* 


OCEAN  *•  RE  P*f.U*HN  \P>  *E  fO*  T 

l«ng  Jttcrfte<kpth  sample  t.  we  have  caioilared  the  .alch  of  rlihei  b>  depth  intervals  :n 
terms  of  the  volume  tn  mi  per  meter  hour  i  Table  4  and  Fwv,-e  :>  The  small  catch  per  unit 
effort  ebove  60t,  m  during  the  day  it  apparent  and  could  be  due  to  either  mall  populations  or 
net  avoidance  by  some  tpecies  or  individual}  We  ar.  certain  that,  if  large  fiihe*  occur  her*.  ou: 
net*  are  not  catching  them  By  contract,  the  few  day  tine  samples  between  600  and  900  m  have 
a  relatively  large  catch  per  unit  effort.  The  average  size  of  individual*  probably  is  larger  at  these 
depths  than  at  shallower  depths,  although  we  have  not  yet  substantiated  this.  It  is  noteworthy 
that  the  1 2-kHz  scattering  layer  at  400  to  600  m  is  not  substantiated  by  large  discrete-depth  fish 
volumes,  while  the  largest  catches  are  below  600  m,  where  no  1 2  kHz  scattering  layer  is  recorded. 

Catch  per  unit  effort  at  night  is  much  higher  in  the  upper  500  m  than  in  daylight,  obviously 
due  to  the  upward  migration  of  populations  from  deeper  levels  The  largest  increases  over  day¬ 
time  catch  are  at  50-200  m  and  350-500  m  The  increases  at  50-200  in  are  explainable  by  the 
migratory  patterns  of  the  majority  of  the  species  analyzed  to  date  (see  below).  We  do  not  yet 
have  satisfactory  explanations  for  the  increases  at  the  deeper  level,  but  these  could  be  due  to 
species  or  larger  individuals  of  a  species  thai  occupy  deeper  depths  during  the  day  and  halt  their 
upward  migration  at  this  level. 

Catch  per  unit  effort  was  also  calculated  for  open-net  tows.  These  data  are  not  included  nere, 
but  they  show  a  picture  similar  to,  although  less  reliable  than,  the  discrete-depth  data.  One 
major  difference  is  a  relatively  large  daytime  catch  at  450-500  m  (within  the  zone  of  the  perma¬ 
nent  scattering  layer)  that  is  not  at  all  indicated  by  the  discrete-depth  samples.  The  largest  day¬ 
time  catches  are  still  between  600  and  900  m  with  the  peak  at  600-700  m,  confirming  the 
discrete-depth  data.  The  low  discrete-depth  catch  at  500-6C0  m  at  night  is  also  confirmed. 

Below  900  m,  where  discrete-depth  samples  are  lacking,  the  open-net  data  suggest  a  concentra¬ 
tion  of  fishes  at  1000-1100  m,  show  a  moderate  catch  down  to  2000  m,  and  ■  low  catch  at 
2400-2600  m.  The  effects  of  contamination  during  the  long  retrieval,  however,  render  doubtful 
any  conclusions  based  or.  samples  from  deeper  than  1000  m. 

In  the  upper  200  m,  where  sound  scattering  is  prominent  both  day  and  night,  juveniles  of 
several  species  are  relatively  abundant  in  our  collections.  Among  these  are  Diplosctnus 
multistriatus  and  Nealotus  tripes  (both  are  gempylids  with  well-developed  swimbladders)  and 
young  puffers  (Tetraodontidae),  which  could  account  for  much  of  the  daytime  scattering.  At 
night,  this  upper  stratum  is  occupied  as  well  by  migrators  from  deeper  levels. 

Between  200  and  400  m,  where  little  is  caught  during  the  day,  we  have  found  juveniles  of 
species  that  lack  swimbladders,  such  as  the  alepisau raids,  Scopdarchus  amdebps  (Scopelarchidae) 
and  EvermameUa  indica  (Evermanneliidae). 

In  the  400-600  m  stratum,  just  above  the  deep  thermohalodine  in  a  permanent  12-kHz 
scattering  layer,  we  find  a  moderate  number  of  species.  Some  of  these  species  migrate  little  or 
not  at  all  and  probably  account  largely  for  the  night  scattering.  Such  species  include 
Argyropelecus  hemigymma  (Sternoptychidae)  and  ValendenneBus  tripunctuktus  (Gonoeto- 
matidae),  both  of  which  display  a  did  pigment  change :  pale  with  contracted  melanophom 
during  the  day  and  dark  with  expanded  metanophores  at  night  (Btdcock,  1969,  R  H.  Goodyear, 
unpublished  data).  Other  tpecies  occupy  the  400-600  m  stratum  during  the  day  but  migrate  to 
the  upper  200  m  at  night.  Such  migratory  spedes  include  the  lantemfishes  (MyctcpMdae) 
Lobiancbia  dofleini,  Lobianchia  geme&ri  Diaphut  mollis,  Dkphut  effulgent,  Sotofyckmu 
nddMae,  Hygophum  benoiri,  and  Benthosema  suborbitsde .  and  the  gooostomatids,  PollkAthys 
mauli  and  Cycbthon •  braueri 

The  largest  daytime  fid)  populations  occur  in  the  600-1 100  m  stratum,  which  is  the  North 
Atlantic  Central  Water  and  is  characterized  by  the  deep  thermohalodine.  Among  the  many 
specks  that  inhabit  this  stratum  are.  as  in  the  400-600  m  stratum,  some  species  that  migrate 
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Table  4.  Fishes:  catch  per  unit  effort  by  discrete-depth  sampler  expressed 
as  ml/meter-houx.  Number  of  samples  in  parentheses. 


Depth 

Day 

Night 

Day-tn-Night 

Increase 

0-50 

— 

(0) 

5.39 

(4) 

— 

51-100 

0.64  (10) 

4.97 

(11) 

4.33 

101-150 

0.12 

(4) 

•16.13 

(8) 

*16.01 

151-200 

0.16 

(5) 

3.29 

(8) 

3.13 

201-250 

0.29 

(5) 

2.19 

(8) 

1.90 

251-300 

0.25 

0) 

2.84 

(5) 

2.59 

301-350 

0.50 

(?) 

2.22 

(1) 

1.72 

351400 

1.06 

(6) 

4.43 

(2) 

3.37 

401-450 

0.45 

(5) 

- 

(0) 

— 

451-500 

0.40 

(5) 

7.14 

(4) 

6.74 

501-600 

0.90 

(3) 

0.96 

(2) 

0.06 

601-700 

4.13 

(2) 

— 

(0) 

— 

701-800 

- 

(0) 

- 

(0) 

— 

801-900 

2.33 

(2) 

- 

(0) 

- 

1201-1300 

0.50 

(2) 

— 

v  Excluding  one  extremely  large  catch,  the  night  and  increase  figures, 
respectively,  become  3.44  and  3.32. 


ML/METER-HOUR 


Figure  2.  FUhei:  catch  per  unit  effort  by  discrete-depth 
ampler  expressed  as  ml /meter-hour.  An  N  indicates  a  depth 
increment  where  no  tow  was  taken. 
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little  or  not  at  all  and  others  that  migrate  at  night.  The  nonmigrators  include  Stemontyx 
diapham  (Stemoptychidae),  Scopebberyx  opisthop terns,  and  Scopeloberyx  rubustus  (Melam- 
phaidae).  A  larger  number  of  species  migrate  at  night-most  of  them  to  the  upper  200  m.  These 
include  the  lanierrfishes  (Myctophidae)  Diogenichtkys  athmticus,  Ceratoseopelus  warming:, 
Ceratoscopelus  maderensis,  Lampanyctus  pusiltus,  Lamponyctus  festmis,  Lampanyctus  uler , 
Lampanyctus  cupmrius,  Lampanyctus  photonotus,  Lepidophanes  guentheri ,  Lepidophanes 
pyrsobolus,  Lampadem  urophaos,  and  Taaningichthys  minimus,  and  the  melamphaids,  Meiamphaes 
pumibts  and  Meiamphaes  typhlops.  Some  of  these  species  apparently  are  most  abundant  between 
50  and  150  m  at  night,  while  others  are  concentrated  between  100  and  200  m.  Still  others,  not 
mentioned  here  because  of  a  paucity  of  data,  appear  not  to  reach  the  upper  200  m  and  may  ac¬ 
count  for  some  of  the  increase  seen  in  catch  per  unit  effort  between  350  and  500  m  at  night.  A 
detailed  study  of  the  diminutive  Meiamphaes  pumilus  has  shown  that  the  depth  of  greatest  abun¬ 
dance,  both  day  and  night,  is  deeper  for  adults  than  for  juveniles  or  aubadults  (Michael  J.  Keene, 
unpublished  manuscript).  A  similar  phenomenon  probably  characterizes  many  or  most  mid¬ 
water  fishes  with  diel  vertical  migration  patterns. 

CEPHALOPODS 

The  cephalopods  taken  during  Ocean  Acre  operations  to  date  represent  about  46  species  in 
23  families.  Several  species  are  new  to  science  and  wifi  be  described  in  a  future  work.  The  most 
sneciose  families,  Enoploteuthidae  and  Cranchiid»®  ount  for  70%  of  the  total  number  of 
cephalopod  species  captured-40%  and  TO5"  respectively. 

Enoploteuthids  are  prominent  members  oe  the  midw',.er  cephalopod  fauna  in  warm- water 
regions  of  the  world.  When  suflfhiem  eductions  of  parties. *«r  enoploteuthid  species  exist,  they 
indicate  that  these  squid  undergo  a  diel  vertical  migration. 

Cranchiids  are  seldom  caught  as  adults,  and  most  s*  ecies  are  known  only  from  larval  or 
juvenile  forms.  For  thlj  reason.  little  is  known  of  their  migratory  habits.  In  Ocean  Acre  all 
cranchiids  captured  late  are  lam  j  or  juveniles  which  exhibit  no  apparent  tendency  toward 
diel  vertical  migrations.  In  fact,  the  majority  of  Ocean  Acre  cephalopods  captured  are  larval  and 
juvenile  forms,  file  species  that  do  exhibit  migratory  behavior  begin  migrating  at  a  stage  prior  to 
full  sexual  maturity  and  continue  to  *io  so  throughout  adulthood. 

The  catch  of  cephalopods  pe.  unit  effort,  expressed  in  terms  of  milliliters  per  meter-hour,  for 
discrete-depth  samples  to  600  m  is  shown  hi  Table  5  and  Figure  3.  Daytime  catches  are  relatively 
low,  but  by  far  the  greatest  catch  per  unit  effort  occurs  at  the  50-100  m  level,  where  nearly  the 
entire  catch  consists  of  larvae,  primarily  of  cranchiid  species.  Below  100  m  the  catch  drops 
sharply;  between  200-300  m  no  specimens  were  captured  despite  35  meter-hours  of  sampling. 

The  catch  increases  to  a  low  level  in  the  300-600  m  layer.  Below  600  m,  23  meter-hours  of 
trawling  failed  to  capture  cephalopods.  Other  than  the  layer  of  abundant  larvae  at  50-100  m,  the 
built  of  the  specimens  were  taken  in  the  300-600  m  layer  which  corresponds  to  the  12-kHz 
scattering  layer. 

The  nighttime  catches  generally  exceed  by  significant  amounts  the  daytime  catches.  The 
greatest  increases  of  night  over  day  catches  occur  at  100-300  m,  350-400  m,  and  500-600  m. 

The  markedly  hither  nighttime  catches  at  most  levels- up  to  eight  times  greater  than  corres¬ 
ponding  day  caxhes-presumably  reflect  the  general  upward  migration  of  cephalopods  at  night 
and  almost  certainly  give  an  indication  of  the  amount  of  net  avoidance  during  the  day.  The 
larval  cranchiids  in  the  50-100  m  zone  probably  are  incapable  of  avoiding  the  net  because  of 
their  “floating"  mode  of  life  and  their  anatomical  limitations  against  strong  swimming.  The 
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Table  5.  Cephalopcds:  catch  per  unit  effort  by  discrete-depth  sampler  expressed  as 
ml/meter-hour.  Number  of  samples  ii  parentheses. 


Depth 

Day 

Night 

Day-to-Night 

Increase 

0-50 

_ 

I 

I - 

.167 

(4) 

_ 

51-100 

.333 

mmam 

I  .203  (11) 

-.130 

101-150 

.045 

.384 

(8) 

.339 

151-200 

.052 

(5) 

.249 

(8) 

.197 

201-250 

0 

(5) 

.117 

(8) 

.117 

251-300 

0 

0) 

.107 

(5) 

.107 

301-350 

.098 

(7) 

0 

(1) 

-.098 

351-4C0 

.136 

(6) 

.294 

(2) 

.158 

401-450 

067 

(5) 

- 

(0) 

- 

451-500 

.111 

(5) 

.136 

(4) 

.025 

501-600 

.055 

(3) 

.462 

(2) 

.407 

601-700 

0 

(2) 

- 

(0) 

- 

701-800  j 

- 

(0) 

- 

(0) 

- 

801-900 

0 

(2) 

- 

(0) 

— 

1201-1400 

- 

(0)  j 

0 

(2) 

- 

ML/METER-HOUR 
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catch  per  unit  effort  in  the  upper  200  m  at  night  is  nearly  equivalent  to  that  in  the  entire  upper 
600  m  during  the  day;  this  suggests  that  most  of  the  population  in  the  300-600  m  stratum  may 
migrate  to  the  upper  200  m  at  night. 

The  large  night  catches  in  350-600  m  are  more  difficult  to  explain.  They  may  represent 
individuals  (or  species)  that  permanently  inhabit  this  zone  but  avoid  capture  during  the  day, 
or  they  may  be  members  of  a  deeper-dwelling  community  that  ascends  to  that  level  at  night. 

It  is  interesting  to  note  that  the  fish  and  cephalopod  captures  in  terms  of  catch  per  unit 
effort  follow  similar  patterns  both  day  and  night  in  the  upper  450  m.  Between  600  and  900  m 
in  the  daytime,  however,  the  reverse  is  true:  fish  catches  are  at  a  maximum  and  cephalopods 
are  at  a  minimum. 

Data  for  vertically  migrating  species  in  the  Ocean  Acre  area  are  most  complete  for  two  species 
of  Enoploteuthidae.  Discrete-depth  samples  show  that  Pyroteuthis  margaritifera  lives 
primarily  between  300  and  500  m  during  the  day  and  ascends  to  the  100-200  m  zone  at  night. 
Large  specimens  of  20-mm  mantle  length  or  larger  were  caught  only  at  night  in  fallow  depths 
(Fig.  4)  but  were  never  caught  during  the  day.  These  larger  specimens  probably  are  avoiding  the 
net.  Pterygioteuthis  giardi,  judging  from  discrete  samples,  also  spends  the  daylight  hours  at 
depths  of  300-500  m,  then  migrates  toward  the  surface  at  night,  where  it  rccurs  from  50-200  m, 
with  a  peak  abundance  in  the  50-100  m  zone  (Fig.  5). 


o 

t 

r 

r 

H. 

M 


No.  Ml, mm 

Figure  4.  Pyroteuthis  margaritifera.  Vertical  distribution  based  on  discrete-depth  samples 
for  day  and  night.  Left:  depth  vs.  number  of  specimens;  right:  depth  vs.  size  of  individuals 
(ML  -  mantle  length). 


Open-net  captures  of  Pyroteuthis  margaritifera  and  Pterygioteuthis  giardi  follow  a  similar 
trend  as  that  revealed  by  discrete-depth  samples,  except  that  the  strata  of  occurrence  are 
broader.  Open-net  samples  also  indicate  a  deeper  vertical  range  for  each  species,  but  the  deeper 
records  probably  are  a  result  of  contamination  from  the  shallower  layers  as  the  open  net  passes 
through  them. 
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Figure  5.  Pterygioteuthis  giardi.  Vertical  distribution  based  on  discrete- 
depth  samples  for  day  and  night.  Left:  depth  vs.  number  of  specimens; 
right:  depth  vs.  size  of  individuals  (ML  -  mantle  length). 

The  discrete-depth  captures  of  Helicocranchia  papillata,  the  most  abundant  cnuochiid,  nearly 
all  occurred  between  SO  and  2S0  m  both  day  and  night.  The  only  exceptions  are  two  single 
captures  at  375  m  and  460  m  during  the  day,  but  no  significance  can  be  placed  on  this  as  an 
indication  of  migratory  behavior  because  all  H.  papillata  captured  to  date  are  larvae  and 
juveniles. 

The  role  of  cephalopoda  as  true  sound  scatterers  is  unclear  at  the  present,  but  at  least  some 
species,  as  the  two  enoploteuthids  mentioned  above,  undergo  a  diel  vertical  migration  that 
follows  the  movement  of  the  12-kHz  sound-scattering  layer. 


SUMMARY 

Our  preliminary  conclusions,  based  on  277  samples  (153  of  which  are  discrete-depth 
samples)  taken  during  seven  Ocean  Acre  cruises,  are  summarized  as  follows: 

In  the  Surface  Water  Mass  between  0  and  600  m,  three  distinguishable  strata  are  identified. 
(1)  In  the  upper  200  m,  in  which  a  seasonal  thermocline  is  developed,  daytime  catches  of 
fishes  and  cephalopoda  comprise  mainly  larvae  and  juveniles.  A  1 2-kHz  scattering  layer  is 
present  in  this  stratum  both  day  and  night.  At  night  the  population  is  supplemented  by 
vertical  migrators,  at  which  time  the  intensity  of  scattering  increases.  (2)  Between  200  and 
400  m  the  catches  of  fishes  and  cephalopoda  are  small,  and  generally  little  or  no  scattering  is 
recorded  at  12-kHz.  (3)  At  400-600  m,  where  a  12-kHz  scattering  layer  persists  both  day  and 
night,  catches  of  fish  and  cephalopods  are  moderate.  Among  fishes,  several  species  migrate 
little  or  not  at  all  and  probably  account  for  much  of  the  nighttime  scattering.  A  number  of 
other  fish  and  cephalopod  species  migrate  to  the  upper  200  m  at  night.  There  is  evidence  that 
deeper-living  fishes  and  cephalopods  both  migrate  to  and  remain  at  this  400-600  m  stratum  at 
night. 
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The  North  Atlantic  Central  Water  Mass,  characterized  by  a  deep  permanent  thermohalocline, 
is  located  between  600  and  1 100  m.  Fishes  exhibit  their  greatest  abundance  in  terms  of  species 
and  numbers  of  individuals  in  this  layer.  Some  species  apparently  do  not  migrate,  while  others 
migrate  to  the  upper  200  m.  Very  few  cephalopods  have  been  captured  in  this  layer;  possibly 
larger  specimens  do  inhabit  this  stratum  but  are  able  to  avoid  the  net. 

These  data  indicate  rather  clearly  that  temperature  is  not  a  barrier  to  the  vertical  migration  of 
a  number  of  species  of  fishes  and  cephalopods.  For  example,  a  species  may  migrate  from  the 
lower  level  of  the  deep  thermohalocline  to  within  50  m  of  the  surface  and  experience  a  tempera¬ 
ture  change  of  15°C  or  higher.  The  vertical  migrations  of  most  species  from  the  400-600  m  or 
the  600-1 100  m  stratum  carry  them  well  into  or  through  the  seasonal  thermocline. 

The  migratory  behavior  of  fishes  and  cephalopods  from  different  depth  strata  at  different 
times  and  different  rates  to  different  upper  strata  can  easily  be  invoked  to  explain  the  complex 
sound-scattering  phenomena  observed  during  crepuscular  periods  as  well  as  the  relatively  stable 
scattering  layers  observed  during  the  day  and  night. 

Most  studies  of  scattering  layers,  and  certainly  those  based  on  12-kHz  soundings,  have  given 
much  attention  to  the  layer  represented  by  the  400-600  m  community  in  our  study.  The 
region  of  greatest  daytime  fish  concentrations  that  we  find  between  600  and  1 100  m  has  been 
mentioned  only  rarely  even  in  acoustical  studies  and  has  not  been  delineated  in  biological 
studies.  This  is  an  area  deserving  critical  attention  in  future  studies. 
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PROBLEMS  OF  THE  FEEDING  OF  ZOOPLANKTON 
IN  THE  DEEP  SEA 
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ABSTRACT 

Investigations  of  the  composition  and  movements  of  deep  scattering  layers  involve  the 
feeding  relations  of  both  zooplankton  and  nekton.  Although  zooplankton  may  be  broadly 
grouped  into  herbivores  and  carnivores,  different  species  of  such  major  groups  as  copepods 
and  euphausids  may  range  from  almost  pure  herbivores  to  species  living  on  a  mixed  diet 
and  to  some  which  are  exclusively  carnivores. 

The  vertical  movements  of  species  not  only  include  those  which  migrate  into  the 
euphotic  zone  to  feed  on  phytoplankton  but  also  those  which  have  more  restricted  move¬ 
ments  into  intermediate  layers  where  tiiey  may  be  detritus  feeders,  carnivores,  or  rely  on  a 
mixed  diet  Detritus  may  be  carried  to  deeper  levels  during  the  vertical  migration  of  zoo¬ 
plankton.  This  may  be  of  special  significance  in  relation  to  faecal  pellets.  The  composi¬ 
tion  of  food  in  faecal  pellets  may  differ  significantly  from  detritus,  and  bacteria  may  also 
use  faecal  pellets  and  detritus  as  surfaces  from  which  they  can  absorb  dissolved  organic 
matter  so  contributing  to  the  food  supply,  especially  of  the  deep  oceans.  The  genera) 
low  concentration  of  detritus  and  bacteria  in  the  open  ocean  is  reviewed.  Since  many 
metazoans  are  unable  to  feed  directly  on  the  smallest  organic  particles,  the  role  of  pro¬ 
tozoans  may  be  significant  as  an  intermediate  link  in  the  food  chain.  Some  data  are  given 
of  the  abundance  of  foramtniferans  and  radioUrians  and  dilates  in  this  connection.  Other 
possible  trophic  pathways  from  dissolved  organic  matter  include  relatively  deep-living 
phytoplankton  and  organic  aggregates. 

Different  populations  of  zooplankton  exchange  food  material  partly  through  vertical 
migration.  Similarly,  some  of  the  oceanic  nekton  obtain  part  of  their  zooplankton  food 
during  depth  migrations  The  paper  draws  attention  to  the  need  for  investigations  on 
the  quality  of  food  in  the  oceanic  environment,  is  well  as  to  the  quantity  and  problems 
of  specific  selection. 

INTRODUCTION 

Problems  in  investigating  sound-scattering  layers  frequently  include  some  consideration  of 
relationships  of  feeding  of  oceanic  plankton  and  nekton,  especially  in  connection  with  vertical 
migration. 

Trophic  relationships  in  zooplankton  communities  are  complex;  the  problems  of  the  deep 
sea  are  particularly  obscure.  This  paper,  which  ia  not  intended  to  be  a  comprehensive  review, 
attempts  to  draw  attention  to  some  of  the  important  questions  concerning  zooplankton  nutri¬ 
tion,  including  food  selection  and  possible  food  sources,  especially  in  relation  to  the  deep  sea 
and  to  migration  patterns. 
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In  the  open  ocean  the  zooplankton  as  secondary  producers  are  regarded  as  feeding  on  the 
phytoplankton;  small  pelagic  fishes  feed  on  the  zooplankton  and  are  there  ''  <•$  consumed  by 
larger  fishes,  some  from  the  deeper  levels.  This  picture  of  the  food  chain  i»,  or  course,  e:  ces- 
sively  simplified. 

Feeding  Habits:  Food  Selection  and  Vertical  Migration 

The  complications  include  complexities  in  the  feeding  in  the  zooplankton  itself.  Major 
groups  of  zooplankton  animals  are  virtually  exclusively  carnivores-medusae,  siphonophores, 
ctenophores,  chaetognaths,  pelagic  polychaetes  and  nemertines;  the  heteropods  and  naked 
pteropods;  probably  the  majority  of  the  planktonic  shrimps  and  amphipods;  the  great  majority 
of  the  young  stages  of  fishes.  Though  we  know  relatively  little  of  the  detailed  requirements  of 
carnivorous  zooplankton,  and  many  have  very  wide  dietary  abilities  (cf.  Wiborg,  1948  a  and  b 
and  1949),  some  species  (e.g.  some  fish  larvae)  are  more  restricted  in  their  food  requirements 
(cf.  Shelbourne,  1957;Ryland,  1964). 

Apart  from  meroplanktonic  larvae,  certain  major  groups  of  holoplanktonic  animals  are 
usually  regarded  primarily  as  herbivores:  copepods,  euphausids  and  salps.  This  last  group  will 
not  be  considered  further.  The  copepods  may  form  some  70%  of  the  total  zooplankton,  with 
even  higher  amounts  at  high  latitudes;  certain  species  of  euphausids  may  also  be  enormously 
abundant.  If  these  two  major  groups  were  entirely  herbivorous,  they  would  have  to  remain  in 
the  first  100-200  m  (the  main  productive  zone  even  for  tropical  waters)  or  could  live  somewhat 
deeper  but  must  be  able  to  migrate  vertically  to  feed  at  night.  But  is  this  picture  of  an  essen¬ 
tially  herbivorous  diet  really  true? 

Among  the  copepods  several  species  of  Calanus  have  been  studied  in  some  detail.  These 
copepods  feed  very  widely  on  a  whole  range  of  phytoplankton  food.  However,  even  in 
Calanus,  gut  contents  show  at  times  small  crustacean  remains,  and  feeding  experiments  have 
shown  that  these  animals  will  take  animal  food.  Moreover,  during  winter  scarcity  at  higher 
latitudes  Calanus  probably  relies  to  some  extent  on  animal  food.  What  has  been  said  for 
Calanus  seems  to  apply  to  many  similar  forms  in  temperate  and  warmer  waters.  Species  of 
Rhincalanus,  Neoadanus,  Nannocalanus,  Eucalanus  and  Pleura  mamma,  for  example,  are 
essentially  herbivores,  though  animal  food  (e.g.  Radiolaria  and  crustaceans)  may  be  taken  at 
times  (Mullin,  1966).  In  other  genera  (Acartia,  Centropages  and  Temoru)  there  seems  a  general 
tendency  for  a  mixed  diet  to  be  more  appropriate  (cf.  Petipa,  1959).  The  work  of  Anraku  and 
Omori  (1963)  on  the  structure  of  feeding  appendages  and  on  experimental  feeding  bean  out 
the  idea  that  there  is  a  gradual  swing  towards  an  omnivorous  diet  in  these  latter  species,  as 
compared  with  those  which  have  very  fine  filtering  appendages  and  are  more  or  less  confined 
mainly  to  plant  food.  Genera  such  as  Labidocera,  Anomalocera,  Candacia,  Tortanus  and 
Euchaeta  possess  mouth  parts  which  are  much  coarser  and  obviously  ill  adapted  for  filtration 
(cf.  Gauld,  1964).  Both  field  observations  and  experiments,  as  far  as  they  have  been  carried 
out,  suggest  that  these  animals  are  exclusively  carnivorous.  This  habit  appears  to  apply  particu¬ 
larly  to  bathypelagic  genera  (e.g.  Bathycabmus,  Valdtviella,  Megacalanus,  Chtrudina,  deep-sea 
species  of  the  Metridk  family,  and  probably  some  members  of  the  Augapttikke).  Some  fairly 
deepliving  forms  such  as  species  of  Gddius,  Got  tonus,  EuchteUa  and  Habptihts  appear  to  have 
a  mixed  diet,  at  least  partly  carnivorous. 

Although  copepods  such  as  Gattanui,  Gaidtus  and  EuchireQa  migrate  vertically,  they  may 
not  reach  the  surface.  For  deeper-living  carnivorous  copepods.  the  distance  to  the  surface  is 
very  large  and  it  seems  extremely  unlikely,  though  we  do  not  have  many  accurate  observations 
on  vertical  migration,  that  the  animals  migrate  more  than  a  few  hundred  metrec.  Certainly  it 
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would  seem  impossible  for  all  of  them  to  reach  near  the  surface.  Thus  Gueredrat  (1969)  has 
recently  reported  on  four  deep-living  species  from  the  tropical  Pacific,  all  the  copepods  being 
essentially  or  exclusively  carnivores.  Megacalanus  prirtceps  never  exceeds  ca.  650  m  but  is 
usually  absent  from  the  upper  300  m  by  day  and  may  migrate  to  become  plentiful  at  night  from 
100-400  m.  But  Pareuchaeta  hanseni,  Metridia  prirtceps  and  Gaussia  princeps  are  generally 
deeper  (even  >  1000  m)  by  day  and  hardly  ever  rise  above  ca.  400  m  at  night.  A  few  specimens 
of  the  last  species  have  been  taken  at  shallower  depths.  The  question  arises  whether  such  deeper- 
living  forms  can  find  an  adequate  supply  of  animal  food. 

In  the  other  major,  apparently  herbivorous,  group,  the  euphausids,  there  appears  to  be  a 
progression  from  essentially  herbivorous,  through  omnivorous,  to  carnivorous  species.  One  of 
the  best-known  euphausids,  Euphausia  superba,  the  krill  of  the  Antarctic,  is  thought  to  be 
almost  exclusively  herbivorous;  it  feeds  mainly  on  the  diatoms  of  the  Antarctic,  though  showing 
certain  preferences  as  Nemoto  (1966)  suggests.  Mauchline  and  Fisher  (1969)  have  questioned 
what  happens  during  the  long  Antarctic  winter  when  phytoplankton  is  not  available.  Even  this 
species  may  take  animal  food  occasionally. 

The  mouth  parts  of  all  the  euphausids,  as  well  as  the  fine  setules  on  the  thoracic  limbs,  fit 
these  animals  extremely  well  for  filtering  particles.  Many  species  undoubtedly  take  plant  food; 
Euphausia  paciflca  for  instance  has  been  shown  by  Parsons,  LeBrasseur,  and  Fulton  (1967)  to 
filter  various  phytoplankton  food,  certainly  down  to  a  size  of  about  12  pm.  Thysanoessa 
inermis,  T.  raschii,  Meganyctiphanes  norvegica,  probably  Euphausia  mucronata,  and  E.  simttis 
are  among  the  many  other  species  which  appear  to  take  phytoplankton.  But  all  authorities  on 
euphausids,  especially  Ponomareva  (1955)  have  shown  that  many  of  these  same  species  eat 
animal  food.  The  exoskeletons  of  the  prey  (e.g.  copepods),  are  often  rejected  and  do  not  appear 
so  abundantly  in  the  contents  of  the  stomach.  Some  euphausids,  however,  appear  to  take 
mainly  animal  food,  and  the  genera  Stylocheiron,  Nematoscelis  and  Nematobrachion ,  with  their 
rather  coarser  feeding  appendages,  are  essentially  carnivorous  forms  (cf.  Nemoto,  1967).  Some 
warmer-water  euphausids  appear  to  rely  far  more  on  carnivorous  or  at  best  omnivorous  feeding; 
this  may  to  some  extent  reflect  the  lower  standing  crops  of  phytoplankton  in  tropical  oceans. 

Though  a  few  euphausid  species  may  show  surface  swarming  (above  all  E.  superba),  most 
species  live  at  a  maximum  of  a  few  hundred  metres  from  the  surface,  with  the  younger  stages 
nearer  the  surface.  The  great  majority  of  these  euphausids  migrate  from  these  depths  virtually 
to  the  surface  at  night,  and  Ponomareva  has  definitely  found  increased  feeding  at  surface  at 
night.  Mauchline  and  Fisher  (1969)  summarize  the  work  of  other  investigators  and  indude 
Meganyctiphanes  norvegica,  two  species  of  Nyctlphanes,  Pseudophausla  latifrons,  eleven  species 
of  Euphausia,  five  specie*  of  Thysanoessa  and  three  spedes  of  Thysanopoda  in  this  migrating 
category.  The  specie#  include  tropical  as  well  as  cold-water  forms  and  the  distances  travelled 
range  from  50  to  perhaps  400  m.  Some  of  the  forms  appear  to  conform  to  the  usual  pattern  of 
following  the  fading  light,  inddentally,  moving  up  quite  rapidly  at  dusk.  A  few  species  exhibit 
a  midnight  sinking,  a  rise  towards  the  surface  just  before  sunrise,  followed  by  a  rapid  descent 
to  the  depths- the  classical  diurnal  vertical  picture.  Though  there  have  been  so  many  arguments 
on  the  value  of  diurnal  vertical  migration,  the  very  strong  patterns  which  appear  to  hold  for  so 
many  euphausids  must  surely  allow  them  to  feed  much  more  effectively  on  the  rich  surface 
plankton  at  night,  while  during  the  day,  at  the  much  lower  temperature  of  deeper  water,  their 
metabolism  is  reduced.  This  has  been  illustrated,  for  example,  by  the  work  of  Smal  and 
Hebard  (1967).  McLaren  (1963)  also  proposed  that  it  wu  advantageous  for  zooplankton  to 
remain  at  a  lower  temperature  during  the  day,  but  related  this  in  part  to  delaying  maturity  and 
to  reducing  metabolism. 
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Some  euphausids  (e.g.  Thysanopoda  monocantha )  live  deeper  and  others  might  be  called 
mesopelagic  (e.g.  species  of  Stylocheiron  and  Nematosceiis)  and  while  some  appear  to  migrate, 
few  reach  the  surface.  Very  few  species  of  euphausids  are  really  bathypelagic  (exceeding 
1000  m).  These  include  Bentheuphausia  amblyops  and  one  or  two  species  of  Thysanopoda. 
Little  is  known  of  these  bathypelagic  species,  but  it  seems  probable  that  either  they  do  not  per¬ 
form  migrations  or  that  the  migration  is  slight.  They  certainly  are  unlikely  tc  reach  the  surface. 
The  problem  therefore  emerges  for  these  mesopelagic  and  bathypelagic  euphausids,  as  for  the 
bathypelagic  members  of  any  zooplankton  group,  that  the  deep-living  species  cannot  rely  on 
the  rich  surface  plankton  for  food. 

Detritus  and  Faeces  as  Food;  Vertical  Migration 

Almost  all  euphausids  rely  to  some  extent  on  detritus  for  food.  Detritus  is  an  important  food 
even  for  those  species  which  feed  on  plankton  at  the  surface  during  the  dark  hours.  For  the 
deeper-living  species  especially,  it  would  appear  likely  that  feeding  on  particles  (essentially 
detritus)  forms  an  important  constituent  of  the  diet.  Detritus  may  be  significant  also  in  the 
nutrition  of  bathypelagic  copepods.  In  addition  to  crustacean  remains  and  protozoans, 
detritus  occurs  very  frequently  in  their  guts,  but  the  contribution  is  very  difficult  to  quantify. 

Nemoto  (1968)  analyzed  the  ratios  of  active  chlorophyll  and  degraded  chlorophyll  pigments 
found  in  a  series  of  euphausids  starting  with  those  which  are  mostly  near-surface  living,  and 
descending  to  those  deeper-living  species  such  as  Bentheuphausia  amblyops.  He  finds  a  fairly 
close  correspondence  active  chlorophyll  is  highest  in  a  near-surface  feeding  form  (e.g. 

E  simiUs),  and  the  amount  of  degraded  phaeophytin  pigment  is  highest  in  bathypelagic  species 
( Bentheuphausia ).  The  deeper  fauna  relies  to  a  considerable  degree  on  faecal  remains  from 
species  living  in  the  upper  levels  (cf.  Nemoto  and  Sayo,  1968). 

Such  studies  are  reminiscent  of  the  theory  of  Vinogradov  (1962).  Although  we  now  do  not 
envisage  the  deeper  fauna  as  relying  for  nutrition  solely  on  the  very  thin  rain  of  particles  from 
the  euphotic  zone,  Vinogradov  considered  that  the  difficulties  encountered  in  the  nutrition  of 
deeper-living  species  were  so  great  that  a  major  contribution  must  come  from  food  remains 
released  by  animals  feeding  in  the  upper  zones.  During  feeding  only  part  of  the  food  was 
digested,  and  Vinogradov  believed  that  as  species  descended  during  their  diurnal  vertical  migra¬ 
tions,  they  carried  a  portion  of  the  food  from  the  rich  upper  levels  which  they  released  deeper 
down  as  faecal  pellets.  This  material  in  turn  supplemented  the  diet  of  deeper-living  species 
which  also  performed  diurnal  migrations.  A  ladderlike  series  of  migrating  forms  thus  appears, 
extending  down  to  considerable  depths.  Vinogradov's  diagram  suggests  that  some  of  the  species 
could  migrate  1000  m  or  more  and  this  seems  unlikely  from  an  energetics  point  of  view  and 
from  the  few  direct  observations  (cf.  Gueredrat,  1969).  Nevertheless,  a  series  of  specie*  migrat¬ 
ing  at  different  levels  is  undoubtedly  of  great  significance.  Not  only  can  deeper  species  benefit 
from  the  faecal  pellets  produced,  but  in  this  mixing  of  populations  the  carnivorous  species, 
which  represent  a  high  proportion  of  the  fauna,  have  the  advantage  of  feeding  on  herbivores 
from  higher  levels. 

The  significance  of  faecal  pellets  becomes  more  obvious  when  the  extremely  slow  descent  of 
detritus  particles  in  the  open  oceans  is  considered.  Many  authorities  have  surest ed  that  rela¬ 
tively  resistant  materials  (cellulose,  chi  tin,  lignin)  form  the  residues  of  deep-sea  detritus.  The 
compacting  of  faecal  material  means  that  its  rate  of  descent  wll  be  considerably  accelerated, 
and  its  nutritive  value  wiS  be  in  part  retained.  The  significance  of  faecal  pellets  turns  largely 
on  the  superfluous  feeding  theory  put  forward  by  Beklemishev  (1957, 1962).  Essentially 
herbivorous  feeder*  such  as  many  copepods  were  regarded  as  feeding  virtually  automatically. 
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At  high  phytoplankton  concentrations,  much  of  the  food  was  not  extensively  digested,  and  thus 
superfluous  feeding  occurred  with  considerable  nutriment  voided  as  faeces.  More  recently 
laboratory  experiments  such  as  those  of  Mullin  (1963)  and  others  strongly  indicate  that  feeding 
is  reduced  at  high  concentrations.  Conover  (1966)  has  a'  ^  pointed  out  that  such  high  food 
concentrations  are  rarely  likely  to  be  encountered  in  the  sea.  Nevertheless,  Conover  agrees, 
even  though  the  assimilation  efficiencies  obtained  from  his  experiments  on  copepods  appear  to 
be  veiy  high,  that  enough  degraded  chlorophyll  and  similar  organic  material  might  appear  in 
faeces  to  contribute  significantly  to  the  nutritive  value  of  these  particles  (cf.  Paffenhdfer  and 
Strickland,  1970). 

Another  aspect  of  faecal  pellet  feeding  may  be  of  significance,  TVe  observations  of  Newell 
(196S),  Johannes  and  Satomi  (1966),  and  others  have  suggested  that  some  benthic  marine 
animals  are  coprophagous  and  find  considerable  nutriment  from  faeces,  especially  since  the 
faeces  act  as  surfaces  for  a  dense  flowering  of  epiphytic  bacteria.  The  bacteria  feed  by  absorbing 
dissolved  organic  matter  which  is  of  course  relatively  plentiful  in  sea  water.  Zooplankton 
animals  might  make  use  of  faecal  pellets  enriched  in  the  same  way  by  bacteria. 

The  quantity  of  general  detrital  material  in  the  oceans,  though  present  in  relatively  small 
amounts,  is  vastly  greater  than  the  biomass  of  plankton,  as  several  authors  have  pointed  out. 
Dead  material  forms  an  appreciable  fraction  even  in  the  euphotic  zone  (e.g.  Krey,  1961 ; 
Hagmeier,  1964;  Beers  and  Stewart,  1969).  For  open  oceans  Menzel  (1967)  suggests  the  order 
of  0.1  mg  C/litre  as  detritus,  and  though  there  are  regional  differences,  all  workers  agree  that 
there  is  a  very  rapid  reduction  in  detritus  below  ca.  400  to  500  m.  The  quantities  in  deep  water 
are  to  be  reckoned  in  /ig  C/litre  (e.g.  Riley,  Van  Hemert,  and  Wangersky  (1965)  quote  10-20 
^ig/litre).  Larger  quantities  may  be  derived  however  from  deeper  currents  from  high  latitudes, 
etc. 

The  great  reduction  in  particulate  matter  is  certainly  correlated  with  the  enormous  decrease 
in  zooplankton  in  deep  water.  Bogorov  ( 1 958)  dealing  with  the  zooplankton  mass  in  the 
northwest  Pacific,  shows  a  great  reduction  in  biomass  with  depth.  For  example,  in  the  upper 
200  m  he  quotes  a  biomass  of  the  order  of  1000  mg/m3;  in  the  enormous  zone  extending  from 
500  to  6000  m  the  maximum  is  only  of  the  order  of  80  mg/m3;  below  6000  m  depth  the  total 
amount  is  less  than  1  mg/m3.  The  vastly  disproportionate  amount  of  zooplankton  especially 
in  the  first  200  m  is  obvious.  Zenkevitch  and  Birslein  (1956)  and  Vinogradov  (1962),  pointing 
to  the  same  phenomenon,  suggest  that  at  high  latitudes  the  bk>mata  below  6000  m  is  only 
0.001  that  of  the  uppermost  layers.  Banse  (1964)  also  suggests  a  reduction  of  two  to  three 
orders  of  magnitude  for  deep-water  fauna 

Bacteria  and  Dfantved  Organic  Matter 

Detritus  may  no!  be  consumed  directly  by  metazoans  especially  at  the  extraordinarily  low 
concentrations  in  deep  water.  Bacteria  might  use  the  partides  partly  for  surface  attachment, 
since  to  many  marine  bacteria  are  apparently  epiphytic,  and  the  range  of  bacterial  exoenzymes 
might  permit  the  utilization  of  even  some  of  the  resistant  detrital  material.  But  in  addition 
bacteria  can  utilize  the  dissolved  organic  matter,  the  amount  of  which  is  much  greater  than  the 
particulate  matter.  The  concentration  in  the  surface  of  open  oceans  approaches  t  mg  C/btre, 
about  10  times  the  amount  of  particulate  matter.  Differences  fat  concentration  seem  to  be 
relatively  amsJB  below  a  depth  of  aome  400  or  500  m.  Meiuel  and  Ryther  (1968),  for  example, 
suggest  that  in  all  deeper  waters  the  organic  carbon  does  oot  vary  very  much  from  0.5  mg 
cubon/litre. 
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The  great  resistance  of  this  dissolved  organic  matter  to  bacterial  a  tion  and  oxidation  is 
widely  recognized.  However,  a  much  smaller  proportion  of  the  material  is  in  a  much  more 
labile  form.  Khailov  and  Finenko  (1968)  demonstrated  that  some  of  the  organic  matter  in  the 
form  of  macromolecules  is  actively  adsorbed  on  to  natural  detritus,  and  micro-organisms  on  the 
surface  of  the  detritus  might  then  assimilate  a  portion  of  the  material  adsorbed.  The  labile 
organic  material  also  includes  smaller  molecules:  a  variety  of  carbohydrates,  protein  derivatives, 
and  aminoacids  and  lipid  materials,  and  though  the  quantities  range  only  from  1  to  10  pg/litre, 
because  they  are  relatively  labile,  they  can  provide  food  for  heterotrophic  organisms. 

One  of  the  main  difficulties,  however,  in  envisaging  a  food  chain  from  detritus  or  dissolved 
organic  matter  through  bacteria  has  been  the  emphasis  in  all  literature  that  the  density  of 
bacterial  populations  in  the  deep  sea  is  very  low.  But  investigations  3uch  as  those  of  Holm- 
Hansen  and  Booth  (1966)  using  ATP  as  an  indicator  of  living  biological  material,  have  suggested 
that  the  mean  microbial  population  below  the  euphoric  zone  may  approximate  to  about 
1 ,000,000  or  more  cells  per .  tre.  This  is  many  times  higher  than  the  densities  of  bacteria  quoted 
by  most  microbiologists  for  plating  counts.  The  great  deficiencies  of  plating  counts  in  estimating 
marine  bacterial  populations  is  now  recognized.  Although  bacterial  densities  are  not  high,  low 
multispecific  populations  appear  to  be  possible  at  the  poor  nutrient  concentrations  in  the 
ocean,  though  the  rate  of  turnover  is  excessively  low.  How  far  the  zooplankton  could  utilize 
bacteria  directly  is  very  difficult  to  resolve.  Strickland  (1965)  states  that  Zhukova  and 
Voroshilova  and  Donova  have  found  success  in  the  use  of  bacteria  by  zooplankton.  On  the 
other  hand,  the  early  experiments  oJ  Clarke  and  his  colleagues  (e.g.  Fuller  and  Clarke  1936) 
and  the  numerous  experiments  on  feeding  bivalve  larvae  by  Loosanoff  all  suggest  that  bacteria 
are  rather  unsuitable  food  for  zooplankton.  In  fresh  waters  Takahashi  and  Ichimura  (1968) 
have  demonstrated  that  sulphur  bacteria  were  definitely  consumed  by  copepods;  the  bacteria 
were  labelled  and  the  copepods  were  found  to  possess  the  tracer.  Possibly  deep-sea  marine 
fBterers  may  act  similarly. 

Protozoe  as  Links  b  the  Trophic  Pattern 
Foraminifera  and  Radiolaria 

It  is  probably  essential,  however,  t*  envisage  further  links  in  the  chib  from  detritus  and 
bacteria  to  metazoans.  One  possible  link  might  involve  Protozoa.  Murray  (1963)  suggested 
that  Foraminifera  might  feed  on  detritus  and  bacteria.  However,  experiments  suggested  that 
ihring  phytoplankton  was  preferred  and  bacteria  though  ingested  did  not  contribute  apparently 
to  the  nutrition.  How  far  Radiolaria  may  feed  on  detritus  and/or  bacteria  is  also  unknown. 

Although  Foraminifera  and  Radiolaria  have  been  cited  as  appearing  often  in  the  stomach 
contents  of  various  zooplankton,  it  is  very  difficult  to  estimate  their  abundance  in  the  oceans. 
Cifnlli  and  Sachs  (1966)  studied  a  traverse  b  the  Atlantic  Ocean  from  the  Nova  Scotia  shelf 
across  the  Sargasso  to  the  Caribbean.  The  protozoans  were  present  throughout  the  whole 
region,  though  ta  varying  numbers,  and  b  general  Radiolaria  were  toss  abundant  than 
Foraminifera.  The  avenge  densities  appear  to  be  low,  and  judging  from  the  frequent  references 
in  the  literature  to  these  protozoans  as  food  of  plankton,  they  must  really  be  much  more 
abundant.  The  answer  to  a  large  extent  may  be  net  merit  rise. 

Thus  another  indication  of  the  abundance  of  these  protozoans  comes  from  the  work  of 
Beers  and  Stewart  (1969)  working  offshore  b  the  Californian  Current  area.  Although  they  do 
not  quote  rite  precise  abundance  of  Forambifm  and  Radiolaria,  we  may  calculate  a  mean 
number  of  Foraminifera  and  Radiolaria  for  a  medium  merit  net  (more  than  35  pnt)of  a  few 
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thou  sands/ nr5.  In  the  finest  net  (less  than  3S  pun),  one  exceptional  traverse  showed  some  tens 
of  thousands  of  Fo/awinifera  per  cubic  metre.  Hivwever,  the  protozoans  were  relatively  sparsely 
represented  in  the  coarse  nei(>  103  jum).  Berger  (1969)  also  investigated  populations  of 
Foraminifera;  high  densities  were  generally  correlated  with  areas  of  high  fertility,  and  he  implies 
that  these  protozoans  are  essentially  algal  feeders.  They  were  most  abundant  in  the  upper  100  m 
and  decreased  rapidly  with  iep<h,  the  mean  density  for  a  160  pun  net  being  ca.  10/m3).  But 
enormous  variations  ir  density  were  recorded  ( <  1  to  100,000/m3)  and  a  major  factor  in  the 
variation  would  again  appear  to  be  net  mesh  size.  A  significant  comment  in  Berger’s  work  is 
that  turnover  time  in  Foiaminifr .  may  be  elativelv  short. 


Cilia  ta 

But  of  greater  imp  stance  among  Protozoa  perhaps  are  the  ciliate  populations.  These  are 
sometimes  found  in  abundance  in  sea  wrier,  ari  their  rate  of  turnover  is  high  when  compared 
with  metazoa.  By  comparisc  >  dth  freshwater  species,  marine  infusoria  might  be  expected  to 
feed  partly  on  bacteria,  perhaps  also  absorbing  dissolved  organic  material  to  some  extent. 

Zaiks  and  Averina  (1968)  found  reasonable  densities  of  infusorians  in  the  admittedly  shallow 
waters  at  the  entrance  to  Sevastopol  Bay.  “Small”  dilates  (20-55  pm)  showed  a  mean  density 
over  four  summar  months  of  6100/litre  and  “large”  spedes  (>  55  pun)  some  350/litre.  No 
evidence  was  obtained  on  their  feeding  habits,  and  Gold’s  experiments  on  culturing  tintinnids 
suggest  that  these  dliates  feed  on  phytoplankton.  On  the  other  hand,  Lighthart  (1969)  working 
in  the  Puget  Sound  area,  was  able  to  isolate  a  few  species  of  bacteriovorous  Protozoa,  including 
flagellates  and  ciliites,  even  in  the  water  column. 

An  interesting  quantitative  survey  is  again  that  of  Beers  and  Stewart  (1969).  Though  the 
sampling  was  confined  to  the  upper  100  m  the  total  number  of  Protozoa  is  high,  ranging  from 
approximately  600,000  per  m3  to  just  under  200,000  per  m3  at  the  most  offshore  station.  This 
may  be  compared  v  'th  approximately  10,000/m3  to  20,000/m3  for  total  metazoans.  More 
important,  however,  is  the  proportion  of  dilates.  In  the  finest  samples  (less  than  35  pun)  the 
ciliate  groups  together  (chiefly  small,  nonloricate  species)  comprised  95%  or  more  of  the  total 
Protozoa,  l  the  next  size  category  the  b,”cr  tintinnids  were  much  more  important,  but  in  all 
the  sampk .  together,  tintinnids  did  not  amount  to  more  than  about  20%  of  the  total  dilate 
population.  Although  lire  contribution  of  dliates,  especially  small  species,  to  total  biomass  is 
admitte  Jy  rr/  small,  with  their  great  rapidity  of  reproduction  they  could  form  an  effective 
link  in  the  f~od  chain.  Margalef  (1963)  has  also  emphasized  the  importance  of  dliates  (mostly 
uiaii  species)  in  the  food  chain  in  Western  Mediterranean  waters.  His  average  density  is  nearly 
900,000  par  m3. 

Alternative  Trophic  Paths  from  Dluohci  Osgank  Matter 
E&cp-Uving  Phytoplankton 

There  are  one  or  two  possible  alternative  paths,  apart  from  bacteria,  which  could  lead  to  the 
production  of  particulate  organic  matter  from  the  relatively  large  amount  of  dissolved  organic 
matter  in  the  oceans.  The  works  of  Bernard  (1948, 1953, 1963, 1967),  of  Wood  (1963)  and 
othr<  have  drawn  attention  tu  die  existence  cf  relatively  deep  living  phytoplankton  well  below 
the  euphotL  zone.  Bernard  emphasizes  coceodthophorei,  but  a  few  Myxophyceae,  flagellates, 
dinoflageilates,  and  even  diatoms,  also  occur  in  some  areas.  Their  occurrence  has  been  confirmed 
recently  in  several  different  seas.  Although  the  quantity  may  not  be  very  large,  if  this 
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deep-living  phytoplankton  can  live  heterotrophkaQy  on  the  dissolved  organic  matter  it  repre¬ 
sents  a  conversion  to  particulate  matter.  We  cannot  say  how  far  such  a  population  could  be 
effectively  grazed  on  by  zooplankton,  though  Wood  and  Kenyon  are  quoted  by  Beklemishev, 
Neyman  and  Semina  (1966)  as  reporting  several  phytoplankton  species  in  the  guts  of  animals 
caught  at  4000  m  in  the  Mediterranean.  Although  there  is  some  doubt  whether  the  ceils  con¬ 
tained  living  chlorophyll,  there  is  a  possibility  that  some  zooplankton  grazes  on  deep  living 
phytoplankton. 

Organic  Aggregates 

Another  method  of  converting  dissolved  organic  matter  into  “useful”  particulate  material 
comes  ffom  tire  work  of  Sutcliffe,  Baylor  and  Menzei  (1963);  of  Riley,  Wangersky  and  Van 
Hemert  (1964);  and  others  on  the  formation  of  organic  aggregates  from  dissolved  organic 
matter.  Although  earlier  investigations  were  concerned  particularly  with  the  formation  of  such 
aggregates  in  relation  to  bubbles  and  were,  therefore,  largely  confined  to  the  surface,  we  now 
know  that  aggregates  can  be  formed  at  all  levels  by  adsorption  onto  particles.  Menzei  (1966) 
has  made  a  careful  reappraisal  of  bubbling  in  aggregate  formation,  and  has  shown  how  artefacts 
appear  owing  to  the  adsorption  of  organic  matter  on :  liters.  Barber  (1966)  demonstrated  that 
bubbling  did  not  cause  aggregation  under  sterile  conditions  (cf.  also  Batoosingh.  Riley  and 
Kerhwar,  1969). 

Although  the  amount  of  organic  aggregates  falls  very  considerably  in  deeper  water,  some  are 
present  down  to  the  greatest  depth  '.ampled  (Riley,  Van  Hemert  and  Wangersky,  196S).  The 
aggregates  can  adsorb  bacteria  and  even  phytoplankton  cells  at  lesser  levels,  and  certainly  such 
aggregates  are  consumed  by  zooplankton,  at  least  in  shallow  water.  There  is  no  need  to 
suspect  that  they  cannot  be  used  also  in  deep  waters. 

Advantages  of  Mixed  Diet-Role  of  Vertical  Migration 

Whatever  the  particulate  food  in  the  deep  sea-detritus,  bacteria,  colloidal  aggregates  or  deep¬ 
living  phytoplankton- the  rate  cf  turnover  appears  to  be  very  low.  The  deep-sea  zooplankton 
population  which  can  be  supported  is  thus  very  low  and  the  animals  must  in  effect  be  filter 
feeders  or  carnivores  which  prey  on  these  filtering  forms.  It  seems  virtually  certain  that  a  num¬ 
ber  of  deep-sea  zooplankton  species  combine  both  forms  of  feeding. 

Vinogradov  (1962)  states  that  some  bathypel^gic  plankton  (>  2000  m  by  day)  may  show 
phytoplankton  remains  in  the  gut  and  claims  this  as  evidence  of  extensive  migrations,  even  to 
the  euphotic  zone.  For  example,  some  deep-sea  mysids  are  claimed  to  be  herbivorous.  Perhaps 
the  food,  however,  represents  degraded  phytoplankton,  including  faeces.  Only  two  species  of 
Boreomysis  are  stated  by  Vinogradov  to  be  truly  detritus  eaters.  On  the  other  hand,  many 
shallow  water  mysids  such  as  Neomysis  integer  (Raymont,  Austin  and  Linford,  1964)  and 
Schistomym  spiritus  (e.g.  Mauchline,  1967)  are  clearly  omnivorous,  and  although  Mauchline’s 
recent  study  (1970)  has  shown  that  Mysidopsis  gibbosa  and  M.  didelphys  are  essentially 
carnivorous,  it  seems  probable  that  many  deeper-living  forms  (e.g.  Eucopia  spp.  Gmthophausia 
gigas )  may  incline  to  an  omnivorous  habit.  Even  the  large  pelagic  prawns  such  as  Acanthephyra 
spp.  and  Systeliaspis  spp.  are  at  times  apparently  filterers  since  they  show  small  particles  in  the 
gut,  although  they  are  largely  carnivorous,  especially  on  all  kinds  of  crustaceans,  chaetognaths, 
small  fish  and  R&dtoiaria.  Presumably  from  an  energetics  point  of  view  a  carnivorous  diet  is 
much  more  nutritious,  provided  not  too  much  energy  is  expended  in  pursuing  prey.  Deep-sea 
ostracods  are  said  to  vary  from  filtered  such  as  Cypridtna  kvis  to  active  carnivores  such  as 
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Gigantocypris  mulleri.  Vinogradov  classes  most  as  detritus  feeders;  in  all  probability  many 
species  combine  both  forms  of  feeding.  Angel  (1969),  investigating  ostracods  in  the  northeast 
Atlantic,  found  a  zone  0-250  m  deep,  rich  in  species  and  numbers,  and  a  second  maximum  at 
ca.  450-625  m.  The  zones  were  to  some  extent  recognizable  even  at  night,  although  various 
species  showed  pronounced  vertical  migrations.  He  implies  that  the  ostracods  are  mainly  preda¬ 
tory  but  he  states  that  the  nutritionally  poorer  areas  show  greater  species  diversity.  Presumably 
this  might  also  relate  to  feeding  habits.  Beklemishev  (1957)  has  reported  Conchoecia  species 
feeding  on  faecal  pellets  containing  diatom  remains. 

A  number  of  earlier  workers  (e.g.  Jespersen,  1924, 1935;  Leavitt,  1935, 1938)  have  noted  in 
addition  to  a  surface  maximum  of  zooplankton,  a  second  deeper  maximum.  This  second  rich 
layer  might  vary  in  depth  from  500  m  (northeast  Pacific)  to  800  m  (western  Atlantic)  to  1000  m 
in  depth  (tropical  Pacific). 

This  second  maximum  may  perhaps  be  associated  with  the  region  near  the  permanent 
thermocline  where  often  there  appears  to  be  an  accumulation  of  detritus  and  sometimes  lowered 
oxygen  concentration.  Perhaps  the  zooplankton  finds  better  nutritional  conditions  near  this 
zone  than  at  deeper  levels.  Wickstead  (1962),  investigating  the  distribution  of  Indian  Ocean 
copepods,  also  suggests  that  apart  from  a  rich  surface  zone,  a  deeper  (~  600  m)  rich  zone  exists, 
with  many  of  these  copepods  migrating  to  the  surface  at  night  to  feed.  Below  these,  a  deeper 
group  (600-1500  m),  also  appears  to  move  upwards  to  intermediate  depths.  They  may  feed  or. 
faecal  pellets,  detritus  or  even  protozoans  in  this  layer,  but  presumably  many  of  the  deeper 
migrating  species  are  at  least  partly  carnivorous. 

Migration  and  Feeding  in  Nekton 

We  might  extend  this  picture  of  a  migrating  trophic  chain  to  include  the  nekton,  especially 
the  small  mesopelagic  fishes  which  prey  to  a  large  extent  on  the  zooplankton.  Though  there  are 
comparatively  few  detailed  analyses  of  feeding  habits  of  the  upper  mesopelagic  fishes,  and  gut 
analyses  may  be  misleading,  it  appears  that  some  nine-tenths  of  these  fishes  living  by  day  down 
to  600  m  or  800  m,  especially  the  small  gonostomatids,  the  hatchet  fishes,  and  above  all  the 
myctophids,  are  essentially  plankton  feeders,  feeding  on  copepods  particularly,  but  also  on 
euphausids,  amphipods,  chaetognaths  as  well  as  on  small  squid  and  pteropods  -  possibly  even 
on  siphonophores  and  jellyfish.  Most  workers  are  agreed  that  a  substantial  diurnal  vertical  migra¬ 
tion  occurs  in  many  of  these  oceanic  fishes,  though  the  hatchet  fishes  move  relatively  little. 
Marshall  (1954, 1960)  claims  that  this  pattern  is  essential  for  myctophids  if  they  are  to  obtain 
the  necessary  food  supply  in  the  surface  layers. 

A  number  of  somewhat  larger,  essentially  carnivorous,  fishes  also  migrate  surfacewards.  These 
feed  mainly  on  the  smaller  fishes  but  will  take  zooplankton  also.  Haedrich  (1964)  found  that 
even  the  large  active  carnivorous  species  Alepisaurus  ferox  also  migrates  to  the  surface,  and 
though  they  are  markedly  cannibalistic  fishes,  feeding  on  Alepisaurus  of  all  sizes  as  well  as  on 
other  fish  species,  they  feed  to  some  extent  on  zooplankton,  particularly  on  hyperiid  amphipods 
and  heteropods. 

Amongst  other  nekton  which  appear  to  use  migration  and  the  "nutrition  ladder”  to  feed  near 
the  surface  are  the  cephalopods.  Some  of  the  relatively  small  size  species  such  as  Cranchia  live  in 
the  upper  zones,  together  with  the  young  of  some  deeper  species,  and  others  migrate  from  inter¬ 
mediate  depths  (cf.  also  migrations  of  Pyroteuthis  margaritifem  and  Pterygioteuthis  gianli  (see 
paper,  A.  10,  Gibbs  and  Roper).  Many  cephalopods  consume  zooplankton,  including  larger 
copepods,  decapods  and  other  Crustacea  and  pteropods.  Nesis  (1965)  investigating  the  feeding 
of  young  squid  of  Gonatus  fabricti  states  that  it  consumes  plankton  (copepods,  euphausids, 
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amphipods  and  sagittae)  but  there  is  an  excellent  grading  of  size  of  prey  with  increased  size  of 
the  squid  predator,  Milliman  and  Manheim  (1968)  refn  to  concentrations  which  were  probably 
ssrgestid  shrimps,  squid  and  myctophids,  all  showing  vertical  movements.  Unfortunately  there 
are  no  observations  on  whether  this  was  partly  a  trophic  relationship. 

Sergestids  certainly  may  act  as  intermediate  carnivores  in  the  food  web.  Thus  Omori  (1969) 
has  recently  shown  that  Sergestes  lucens  shows  pronounced  vertical  migrations  from  >200  m 
by  day  to  10-50  m  at  night;  the  rise  is  rapid  and  great  shoals  accumulate.  They  feed  on  a  wide 
range  of  material,  detritus  and  even  a  few  diatoms,  but  essentially  they  feed  on  zooplankton 
including  copepods,  decapods,  euphausids  and  chaetognaths.  At  least  two  fishes,  Diaphus 
coeruleus  and  Gephyroberyx  faponicus  migrate  with  them  and  feed  very  actively  on  them. 

Even  when  we  have  investigated  the  quantities  of  food  at  all  levels  in  the  complex  food  chains 
and  have  accurate  assessments  of  feeding  preferences,  this  will  still  be  insufficient.  The  quality 
of  food  is  all  important  from  the  point  of  view  of  efficiency  of  turnover. 

Our  laboratory  has,  therefore,  been  investigating  the  proximate  biochemical  analysis  of 
individual  species  of  plankton  over  the  past  years.  Despite  probably  accurate  claims  that  high 
latitude  zooplankton  may  be  high  in  lipid,  we  have  found  many  species  ranging  from  neritic  to 
deep-sea  mysids,  oceanic  decapods,  and  high  latitude  euphausids  and  sagittae  to  be  relatively  rich 
in  protein;  some  mysids  may  reach  70%  dry  body  weight;  euphausids  and  decapods  average 
50-60%  dry  body  weight.  Carbohydrate  is  almost  invariably  low  (<5%)  in  all  zooplankton 
species  studied.  Lipid,  though  variable  (presumably  with  diet,  reproductive  stage,  etc.)  rarely 
exceeds  30%  and  is  often  <20%  (cf.  Raymont,  Austin  and  Linford,  1966, 1967;  Raymont, 
Srinivasagam  and  Raymont,  1969  a  and  b).  The  high  protein  content  is,  we  believe,  of  the 
utmost  significance  to  zooplankton  feeders  that  appear,  whatever  the  complexity  of  the  food 
web  and  whatever  the  region,  to  play  such  a  significant  role  in  trophic  relationships  in  the  open 
oceans. 
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ABSTRACT 

This  paper  diicuMei  the  distribution  and  origin  of  organic  substrates  that  may  be  important 
as  food  sources  for  the  macrozooplankton  and  other  metazoans  in  deep  ocean  water.  Adeno¬ 
sine  triphosphate  determinations  indicate  that  there  is  a  microbial  population  in  deep  water 
that  contains  between  1  to  5%  of  the  total  particulate  organic  carbon.  The  respiratory  activity 
of  this  biomass  is  estimated  to  be  about  10  to  50  m1  Oj/liter/yr,  which  compares  favorably  with 
respiratory  estimates  based  on  oxygen  electrode  measurements,  electron  transport  activity, 
and  heterotrophic  COj  uptake.  The  distribution  of  phytoplankton  in  the  euphotic  zone  is 
discussed  briefly  as  it  Is  influenced  by  nutrients,  light,  or  grazing.  Field  observations  of  phyto¬ 
plankton  biomass  generally  indicate  concentrations  of  algal  carbon  that  are  below  those  mini¬ 
muni  concentrations  required  for  good  copepod  growth  as  based  on  laboratory  data.  This 
disparity  might  be  resolved  if  phytoplankton  were  distributed  in  patches  or  layers  normally 
overlooked  when  determining  chlorophyll  concentrations  with  depth.  Continuous  chlorophyll 
profiles  obtained  by  in  vivo  fluorometric  measurements  do  indicate  such  a  marked  layering  of 
algri  cells. 

INTRODUCTION 

All  animals  discussed  in  this  conference  are  herbivores,  carnivores,  or  omnivores  and  thus  are 
dependent  upon  preformed  particulate  food.  The  distribution  and  abundance  of  all  anfanal  forms 
responsible  for  the  sound  scattering  layers  in  the  oceans  will  thus  be  controlled  to  some  extent 
by  the  distribution  of  available  food  sources.  Although  between  the  phytoplankton  and  the  fish 
there  may  be  many  trophic  levels  that  are  detected  by  sonic  devices,  the  base  of  the  entire  food 
chain  consists  of  the  photoeutotrophic  algal  population  in  the  euphotic  rone.  1  wish  to  discuss 
the  distribution  and  activity  of  these  cells  in  the  euphotic  zooe  as  well  as  organisms  that  may 
comprise  the  base  of  the  food  chain  fat  deep  water. 

When  considering  the  distribution  of  food  materials  with  depth  it  is  convenient  to  delineate 
four  mg}or  gooes  of  the  water  column  as  follows. 

1.  Th«  euphotic  zooe,  which  extends  from  the  surface  to  the  depth  at  which  photosynthetic 
reduction  of  CO]  balances  the  respiratory  loam  of  carbon.  This  depth  is  variable  but  is  gen¬ 
erally  between  40  to  100m  fat  oceanic  water. 

2.  In  the  depth  inUrval  from  the  lower  potions  of  the  euphotic  toos  to  about  1 000  m  (in 
the  clearest  ocean  water)  there  is  insufficient  light  for  any  net  productivity  by  pbotogynthesis, 
but  there  is  sufficient  light  penetration  to  sene  as  a  stimulus  for  mfcrattag  animal  populations. 
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The  food  levels  in  this  zone  may  be  quite  high  as  a  result  of  particulate  matter  settling  down 
from  the  euphotic  zone  and  also  from  migrating  animal  populations  that  feed  in  the  euphotic 
zone  and  descend  to  depths  approaching  1 ,000  m  during  the  daytime. 

3.  From  about  1,000  m  to  the  bottom  of  the  deepest  trenches  at  over  12,000  m  there  is  the 
zone  where  the  only  significant  light  is  that  of  bioluminescence  and  where  temperature  and 
nutrients  are  quite  constant.  Our  knowledge  of  the  quantitative  distribution  of  animal  species 

in  this  zone  is  meagre,  but  we  know  there  are  zooplankton,  fish,  and  other  metazoans  throughout 
this  entire  water  column. 

4.  The  fourth  zone  includes  the  sediments  and  the  bottom-dweBing  fauna.  The  macroscopic 
animals  inhabiting  this  area  are  much  better  known  (Sanders  and  Hessler,  1969;  Vinogradova, 
1962;  Wolff,  1960)  than  the  bathypelagic  organisms  higher  in  the  water  column,  but  very  little 
is  known  concerning  the  micro-organisms  of  the  sediments.  These  organisms  comprising  the 
bottom  fauna  are  still  dependent,  of  course,  on  the  food  materials  in  the  water  that  passes  over 
them  and  on  that  particulate  matter  that  settles  out  of  the  water  column. 

Distribution  of  Organic  Carbon 

The  rum  of  all  the  inorganic  forms  of  carbon  in  sea  water  (eg.,  Ha  COj ,  COj ,  HCOs  -, 

COj”)  is  equal  to  about  SO  times  the  sum  of  all  the  organic  carbon.  The  three  major  compon¬ 
ents  of  the  organic  carbon  fraction  are  (1)  dissolved  organic  compounds  (over  90%  of  total), 

(2)  detrital  particulate  material  (2  %  to  4%),  and  (3)  that  found  as  constituents  of  living  cells 
(approximately  1%  or  less).  Both  the  dissolved  compounds  and  detrital  matter  vary  greatly  in 
concentration  in  the  euphotic  zone,  but  they  are  quite  uniform  in  all  ocean  water  below  a  few 
hundred  meters  (Menzel  and  Ryther,  1968;  Williams,  1969).  The  dissolved  organic  carbon 
averages  about  500 ug  C /liter  in  deep  water  (range  is  0.2  to  0.8  mg  C/liter),  whereas  the  particu¬ 
late  carbon  averages  about  S  Mg  C/liter.  Menzel  (1967)  has  claimed  that  these  organic  fractions 
are  uniform  in  time,  space,  tnd  depth;  but  in  view  of  data  from  various  laboratories  in  recent 
years,  his  claim  seems  to  be  an  invalid  oversimplication.  The  concentrations  of  dissolved  and 
particulate  organic  carbon  in  deep  water  do  seem  to  be  independent  of  the  rate  of  photosyn- 
thetk  production  In  the  euphotic  zone,  but  different  water  masses  often  have  significant  differ¬ 
ences  In  concentrations  of  these  carbon  fractions  (WfflJams  1969).  The  range  of  particulate 
carbon  in  the  euphotic  zone  in  oceanic  areas  is  tbout  30  to  300  Mg  C/liter,  of  which  from  20% 
to  90%  may  be  found  in  living  calls.  The  reservoir  size  of  the  dissolved  and  detrital  organic 
carbon  fractions  is  immense  when  calculated  for  all  the  oceans  (WBUems  1969),  but  the  quanti¬ 
tative  abundance  of  these  chemical  entities  does  not  necessarily  implicate  them  in  deep  ocean 
food  chains.  Elsewhere  in  this  volume,  Raymont  speculates  on  the  possible  use  of  these  reser¬ 
voir*  in  deep  water  to  support  a  microbial  population  that  in  turn  would  serve  i*  food  for  car¬ 
nivores.  Most  investigations,  however,  indicate  that  most  if  not  sH  the  dissolved  and  detrital 
carbon  in  deep  water  is  refractory  and  cannot  support  the  growth  of  microbial  oefls  (Barber, 
1968;  Menzel  and  Goering,  1966).  Further  evidence  for  the  refractory  nature  of  these  material* 
is  furnished  by  WHbrnns,  Cescfagsr,  and  Kinney  (1969)  with  Cl  4 ,  whkh  indicate  a  mean  age  of 
3/400  years  for  the  dissolved  organic  matter  in  deep  Pacific  Ocean  water,  and  the  results  with 
ratios  (WgKtms  1 968)  which  indicate  a  fairly  imiforai  distribution  of  6  UC  in  a  deep 
water  column.  Although  the  above  report*  do  sugpst  that  a  lugs  pert  of  the  organic  carbon  in 
deep  water  is  stable  and  not  reedPy  used  by  microorganisms,  it  is  possible  that  soma  snaB  frac¬ 
tion  of  it  is  turning  over  rapidly  and  supporting  a  microbial  population. 
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Food  Sources  lor  Deep  Water  Populations 

The  two  hypotheses  most  commonly  put  forward  concerning  the  nature  of  the  first  stages  of 
the  food  chain  in  deep  water  are  discussed  separately,  although  it  is  likely  that  they  are  both 
important  in  various  parts  of  the  water  column. 

1 .  Vinogradov  (1962a)  has  suggested  that  food  materials  are  actively  transferred  from  the 
productive  euphotic  zone  to  deep  water  through  a  series  of  interlocking  zooplankton  popula¬ 
tions  that  show  cyclic  migrations.  Thus,  each  migrating  population  consumes  other  zooplankton 
at  its  uppermost  migratory  position  and  then  in  turn  is  consumed  by  other  zooplankters  living 
below  them  in  the  water  column.  Studies  on  the  feeding  habits,  the  morphology  of  the  feeding 
apparatus,  and  the  gut  contents  of  zooplankton  caught  at  great  depths  nave  not  given  us  as  yet 
an  unequivocal  answer  as  to  the  validity  of  this  hypothesis. 

2.  The  other  main  alternative  suggests  that  there  is  a  heterotrophically  growing  microbial 
population  in  deep  water  that  serves  as  the  base  of  the  food  chain.  The  energy  requirements  for 
such  a  microbial  population  would  depend  upon  either  the  dissolved  or  the  particulate  organic 
matter  (Fig.  1).  We  do  not  know  enough  about  the  types  of  microbial  ceils  found  in  deep  water 
to  say  anything  concerning  the  relative  rates  of  carbon  transfer  through  the  two  food  routes 
shown  in  Figure  1 .  There  has  been  much  work  on  the  bacterial  populations  in  ocean  water 
(Kriss,  1963;  Sorokin,  1964;  Zobell,  1968),  but  it  is  difficult  to  obtain  any  reliable  estimate  of 
bacterial  biomass  because  of  the  lack  of  any  suitable  method  for  such  determination.  Micro¬ 
scopic  examination  of  filtered  samples  of  deep  water  reveal  a  very  sparse  but  broad  assemblage 
of  microbial  cells  such  as  bacteria,  fungi,  yeasts,  flagellates,  and  marry  small  cells  difficult  to 
identify  (Fournier,  1966;  Hamilton,  Hobn-Hansen,  and  Strickland,  1968).  There  are  very  few 
data,  however,  on  the  quantitative  biomass  of  any  of  these  microbial  forms.  The  numbers  of 
dilates  that  Riymont  mentions  elsewhere  in  this  volume  were  obtained  only  between  the  sur¬ 
face  and  200  m,  and  thus  cun  not  be  extrapolated  safely  to  deep  water  (Beers  and  Stewart,  1967, 
1969).  It  is  much  easier  to  get  quantitative  data  on  the  macroscopic  zooplankton  that  can  be 
sampled  with  nets  that  open  and  dose  at  the  desired  depth.  Vinogradov  (1962b)  has  described 
the  distribution  of  cope  pods  down  to  4,000  m  and  diown  that  the  copepod  biomass  decreases 
exponentially  from  approximately  20  jig  fresh  weight/liter  at  the  surface  to  about  0.05  Mg/liter 
at  4,000  m.  The  concentration  of  zooplankton  in  deep  water  generally  does  reflect  the  photo- 
synthetic  production  rate  in  the  euphotic  zone  (Banse,  1964). 

Following  is  s  discussion  of  recent  methodology  and  results  that  bear  upon  the  propoeed  food 
chain  involving  bacteria  and  dilates  as  drawn  in  Figure  1 . 

Bfecaaas  and  Activity  Estimates  fas  Deep  Water 
BtooMMi  Estimates 

The  methods  commonly  used  to  estimate  the  total  mass  of  living  ceils  in  the  euphotic  zone 
(e  g.,  chlorophyll  measurements  and  direct  microscopic  methods)  are  not  feasible  for  deep  water 
studies.  The  one  method  that  does  look  promising  involves  the  quantitative  detarmiaatioB  of 
adenoane  triphosphate  (ATP),  which  is  a  labile  cellular  intermediate  in  all  live  crib.  ATP  b 
found  in  feiriy  uniform  concentrations  in  all  thong  cells,  but  it  is  not  found  in  detectable 
amounts  in  dead  cells  or  in  dstritai  material.  The  analytical  method  for  determination  of  ATT 
in  amounts  as  low  as  1  x  10*'  pg  is  via  a  biohrminescent  reaction  involving  firefly  ludferin- 
tuc  if  erase  whereby  each  molecule  of  AT?  that  is  hydrolyzed  yields  one  photon  of  light.  The 
details  of  the  ATT  ssny  procedure  have  been  described  by  Hotm-Hanssn  and  Booth  (1966). 
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Figure  1 .  Possible  food  sources  for  organisms  living  in  deep  ocean  water 


A  representative  ATP  profile  with  depth  is  drown  in  Figure  2.  It  is  seen  that  ATP,  which  is 
directly  proportional  to  biomass,  u  very  high  in  the  euphotic  zone,  decreases  very  rapidly  be¬ 
tween  100  and  200  m,  and  then  declines  at  a  much  dower  rate  down  to  3000  m.  These  concen¬ 
trations  of  ATP  may  be  extrapolated  to  cellular  organic  carbon  by  multiplying  by  the  factor  of 
250,  which  is  based  on  laboratory  investigations  in  which  ATP  levels  have  been  correlated  with 
the  cellular  content  of  organic  carbon.  The  biomass,  as  estimated  by  ATP  determinations, 
generally  account  for  40%  to  90%  of  the  total  particulate  organic  carbon  in  the  euphotic  zone, 
about  5%  to  10%  at  200  m,  and  about  1%  at  3,000  m.  These  biomass  estimates  of  cellular  or¬ 
ganic  carbon  can  be  further  extrapolated  to  respiration  values  by  applying  respiration  fact  on 
obtained  from  laboratory  cultures.  If  one  assumes  in  average  rate  of  respiration  and  applies 
suitable  temperature  corrections,  the  deep  ATP  values  indicate  a  respiration  rate  of  about  5  to 
50  pi  Oj  Alter /yr. 

Activity  Measurements 

1.  Pomeroy  and  Johannes  (1968)  have  measured  the  respiration  of  organisms  in  water  samples 
down  to  800m  by  concentrating  the  particulate  matter  from  200  liters  down  to  about  25  ml  and 
then  following  the  a«im3ation  of  oxygen  directly  with  the  oxygen  electrode.  In  deep  water 
these  measurements  seem  to  give  slightly  higher  estimates  of  respiration  rates  titan  those  esti¬ 
mated  by  ATP  determinations. 

2.  Packard  (1969)  has  estimated  the  respiratory  activity  of  microbial  ceO*  in  water  down  to 
6,000  re  in  the  Pacific  Ocean  by  determination  of  the  activity  of  the  electron  traaepori  system  in 
the  particulate  fraction.  His  depth  profiles  of  respiratory  activity  are  fairly  stmikr  to  the  depth 
profiles  reported  for  ATP.  In  water  below  2,000  m  Packard’s  data  indicate  a  respiratory  rate  o' 
about  5  pi  OtAherfyr. 
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phatt  with  depth  in  the  eaataro  Pacific  Ocean 
(3I°4SX  1M°3(W).  Note  that  different  teaks 
are  uaed  for  the  integrals  0  to  200  m  and  200  to 
3.500  m. 

3.  Sorokin  (penontd  communication)  hat  attempted  to  estimate  the  respiratory  activity  in 
deep  water  by  determination  of  the  rate  of  heterotrophic  CO}  uptake.  His  estimates  of  approxi¬ 
mately  30 Oi/b.er/yr  are  in  the  ranfc  of  the  above  estimates. 

From  al)  these  data,  it  appears  that  there  is  a  deep-living  mkrobnJ  population  that  may  be 
important  as  the  first  stage  fat  deep-ocean  food  chains.  To  assess  the  food  potential  inherent  in 
this  microbial  population,  much  more  information  is  needed  concerning  the  types  of  cells  found 
in  deep  water,  their  distribution,  and  their  metabolic  turnover  ram.  91th  such  information  we 
may  be  able  to  conclude  whether  or  not  the  rate  of  energy  flow  through  thin  microbial  population 
it  sufficient  to  account  for  the  obeerved  concentrations  of  mecrocoopUnkton  and  metazoan*. 

Home*  the  Eaphetk  Zone 

Figure  3  tftows  a  representative  ocean  prolife  of  chlorophyll*  and  phaeophytin-e  concentra¬ 
tions  aa  well  as  the  biomass  as  estimated  by  ATP  determination.  In  reference  to  our  discussions 
this  moraine  on  the  pigment  concentrations  at  various  depths,  it  is  sera  hi  Figure  3  that  At 
chlorophyll*  concentration  is  low  hi  the  upper  50  m  and  reaches  a  maximum  at  125  m.  Phae- 
ophytin  was  not  detectable  at  the  surface,  reached  its  maximum  concentration  at  about  the  tame 
level  as  chlorophyll*,  and  in  deep  water  accounted  for  most  of  the  pigments  present.  The  depth 
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Figure  3.  Profiles  of  chlorophyll,  phaeophytin, 
and  biomass  as  estimated  by  ATP  in  the  Pacific 
Ocean  (30°40'N,  120°02'W).  Data  from  Holm- 
Hansen  (1969). 

of  this  chiorophyli  maximum  is  deeper  than  usual,  but  there  is  almost  always  less  chlorophyll  in 
the  surface  waters  than  at  depths  between  10  to  SO  m.  Floristic  analyses,  in  which  the  numbe; 
and  size  of  all  recognizable  cells  are  determined  by  microscopic  examination,  generally  indicate 
a  biomass  directly  proportional  to  the  chlorophyll-#  concentration  (Holm-Hansen  1969).  It  is 
seen  from  Figure  3,  however,  that  the  biomass  estimated  by  ATP  measurements  shows  a  maximum 
in  the  surface  layers,  with  decreasing  amounts  deeper  in  the  water  column.  This  discrepancy  be¬ 
tween  biomass  as  indicated  by  chlorophyll  and  ATP  has  been  found  in  many  profiles,  both  in 
marine  and  fresh-water  environments.  Studies  on  the  rate  of  hetcrotrophic  assimilation  of  C14* 
labelled  organic  substrates  also  have  indicated  greatest  metabolic  activity  in  the  surface  waters 
We  do  not  know  why  there  is  such  a  discrepancy  between  phytoplankton  biomass  and  biomass 
as  indicated  by  ATP  or  activity  measurements,  but  the  most  likely  possibilities  are  as  follows. 

1.  Phosphate  and  nitrate,  the  mineral  elements  most  commonly  found  to  be  limiting  for  algal 
growth  in  natural  waters,  often  are  in  very  low  or  undetectable  amounts  in  the  upper  portion  of 
the  euphotic  zone,  with  increasing  amounts  with  depth  (Holm-Hansen,  Strickland,  and  Williams, 
1966).  It  is  possible  that  phytoplankton  abundance  will  be  controlled  to  some  extent  by  such 
nutrient  availability.  Thomas  (1969)  has  described  areas  of  the  tropical  Pacific  Ocean  where 
very  low  concentrations  of  fixed  nitrogen  seem  to  be  limiting  algal  productivity. 

2.  Another  alternative  to  explain  the  increasing  amount  of  phytoplankton  with  depth  is  that 
the  high  light  intensities  in  the  upper  portions  of  the  euphotic  zone  are  inhibitory.  There  is  much 
laboratory  data  that  indicate  that  many  algal  species  are  inhibited  or  killed  by  high  light  intensi¬ 
ties,  but  how  important  this  is  for  natural  phytoplankton  communities  is  not  known.  I  do  not 
think  that  high  light  intensities,  per  se,  are  the  sole  answer  to  this  problem  of  phytoplankton  dis¬ 
tribution,  but  it  is  likely  that  the  combination  of  nutrient  availability  coupled  with  light  intensity 
may  be  contiolling  factors. 

3.  It  is  possible  that  the  phytoplankton  distribution  does  not  reflect  unfavorable  growing  con¬ 
ditions  for  the  algal  cells,  but  merely  reflects  differential  grazing  pressures.  To  demonstrate  such 
a  causal  effect,  however,  demands  much  quantitative  data  for  narrow  depth  intervals.  At  the 
present  time  we  do  not  have  the  data  available  to  indicate  to  what  extent  the  phytoplankton  bio¬ 
mass  is  controlled  by  the  herbivorous  zooplankton. 
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In  regard  to  possible  interactions  between  nutrient  profiles,  light  intensity,  and  phytoplankton 
distribution,  a  series  of  chlorophyll  profiles  obtained  off  the  coast  of  southern  California  is  shown 
(Figure  4).  This  was  during  the  late  stages  of  a  red  water  occurrence  in  which  the  dominant  or¬ 
ganism  was  the  dinoflagellate  Ceratiumfurca.  Figure  4  shows  that  the  chlorophyll-containing 
cells  were  mostly  within  the  upper  2  m  of  the  surface  during  the  period  of  greatest  illumination. 
With  decreasing  light  intensities,  the  algal  population  migrated  downward  at  a  rate  of  1  to  2  m/hr. 
Such  a  daily  migration  of  dinoflageliates  illustrates  that  for  these  species,  at  least,  the  high  light 
intensifies  at  the  surface  have  no  detectable  deleterious  effect  on  the  cells.  Such  a  daily  migra¬ 
tion  up  and  down  in  the  water  column  might  have  great  survival  value  for  motile  algal  cells,  be¬ 
cause  it  enables  them  to  assimilate  nutrients  in  the  nutrient-rich  deeper  water  and  then  to  be  ex¬ 
posed  to  high  light  intensities  during  the  following  day. 

The  fairly  narrow  layers  of  chlorophyll-containing  cells  seen  in  Figure  4  bring  up  the  subject 
of  the  concentration  of  particulate  matter  in  the  oceans  relative  to  zooplankton  food  require¬ 
ments.  Laboratory  data  (Paffenhofer,  1970)  indicate  that  various  copepods  require  about  25  to 
200  C/liter  for  good  growth  under  simulated  natural  conditions.  When  such  figures  are  com¬ 
pared  to  phytoplankton  biomass  as  estimated  from  chlorophyll  pro  iles  in  ocean  water  (Holm- 
Hansen,  1969;  Lorenzen,  1966, 1967),  it  is  obvious  either  that  zooplankton  in  the  sea  can  survive 
on  algal  concentrations  much  lower  than  that  indicated  by  laboratory  experiments  or  that  our 


Mfl/L 

Figure  4.  Changing  profile*  of  chlorophyll  distribution  over  a  6-hour  period  at  one  station  off 
the  coast  of  southern  California  (33°41'N,  118°07'W).  Data  from  Eppley,  Holm-Hansen,  and 
Strickland  (1958). 
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usual  chlorophyll  profiles  are  not  detecting  localized,  higher  concentrations  of  phytoplankton 
cells.  With  the  use  of  the  in  vivo  fluorometric  determination  of  chlorophyll  (Lorenzen,  1966), 
it  is  now  possible  to  obtain  continuous  depth  profiles  for  chlorophyll  and  thus  to  detect  any 
significant  amount  of  patchiness  or  layering  of  phytoplankton  cells.  Strickland  (1968)  has  com¬ 
pared  chlorophyll  profiles  obtained  both  by  conventional  bottle  casts  and  by  the  continuous 
recording  method  and  had  demonstrated  the  likelihood  of  ecologically  important  layering  of 
algal  cells.  Future  work  will  be  concerned  with  the  relationship  of  such  layers  to  the  distribu¬ 
tion  of  herbivorous  microzooplankton  and  macrozooplankton.  This  aspect  of  studying  the 
“fine  structure”  of  the  water  column  in  regard  to  food  sources  is  important  not  only  for  the 
euphoric  zone  inhabitants,  but  also  for  all  the  living  animals  in  the  aphotic  zone. 
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Tuesday  evening,  31  March  1970 

Backus:  In  looking  over  Professor  Clarke’s  shoulder  at  sea,  I  was  always  impressed  by  the  nature 
of  the  trace  the  Sanborn  recorder  gave  of  bioluminescence  at  great  depth.  The  impression  that 
one  gained  from  looking  at  this  record  was  that  the  bioluminescence,  at  certain  levels  at  least, 
was  caused  by  a  multitude  of  organisms,  which  suggests  a  multitude  of  microorganisms.  So  I 
would  say  that  some  of  these  organisms  that  Drs.  Raymont  and  Holm-Hansen  discussed  are  bio- 
luminescent,  if  that  helps  in  their  identification. 

Clarke,  G.:  I  have  two  questions  to  ask  Professor  Raymont.  I  understand  his  reasoning  in  regard 
to  a  rain  of  fecal  pellets  not  being  very  probable  for  providing  nutriment  for  deeper  levels,  but 
I’m  wondering  why  we  have  to  look  at  it  that  way.  Couldn’t  it  be  that  there  is  a  ladder  of  trans¬ 
fer  of  nutrient  materials  through  the  bodies,  either  living  or  dead,  of  a  succession  of  migrating 
animals?  Of  those  animals  that  started  from  the  surface  and  went  down  100  or  200  meters, 
some  would  die  or  would  be  captured  by  animals  living  between  200  and  300  meters.  Some  of 
the  latter  would  serve  as  food  for  species  migrating  from  300  meters  to  greater  depths,  and  so 
on  dov/n.  Is  there  any  reason  why  there  couldn’t  be  a  chain  of  overlapping  feeding  migrations 
in  that  way  without  involving  the  fecal  material  at  all?  That’s  my  first  question.  The  other 
question  is  in  regard  to  the  nutrient  aspect  of  the  dissolved  organic  matter.  I  remember  in  ihe 
early  days  of  the  Woods  Hole  Oceanographic  Institution  several  workers  measured  the  dissolved 
organic  matter  and  found  that  it  was  high,  very  uniform  in  all  the  lower  levels  of  the  ocean,  and 
was  highly  resistant  to  attack  by  bacteria  and  other  microorganisms.  This  suggested  to  them  and 
to  Dr.  H.  B.  Bigelow,  who  was  very  astute  with  a  common  sense  view  of  biological  problems, 
that  this  dissolved  organic  matter  could  not  be  utilized  very  extensively  if  it  remained  uniform 
vertically  and  if  it  also  was  very  resistant.  What  evidence  is  there  that  any  of  these  microorgan¬ 
isms  actually  can  and  do  use  this  dissolved  organic  matter  for  their  own  growth  and  hence  as  a 
part  of  a  possible  food  chain  deep  in  the  water? 

Raymont:  I’ll  try  to  take  the  second  question  because  I  think  at  least  I  know  a  partial  answer. 
As  regards  resistant  material  this  comment  is  perfectly  justified.  There’s  work,  for  instance  by 
Williams  and  his  colleagues  among  many  other  people,  which  diows  that  a  very  large  percentage 
of  the  very  high  amount  (which  Holm-Hansen  was  talking  about)  of  the  dissolved  organic  matter 
is  very  resistant  material.  But  we  have  done  a  little  work-not  myself  personally,  but  a  biochem¬ 
ist  on  my  staff-and  there  is  certainly  evidence  accumulating  from  other  laboratories  suggesting 
that  a  small  percentage  of  the  dissolved  organic  fraction  is  what  you  might  call  in  a  reasonably 
labile  state.  If  one  wants  some  amplification  of  that  remark:  •  I  think  that  there  are  upwards  of 
twenty  amino  acids  which  have  been  identified  in  sea  water;  there  is  s  reasonable  quantity  of 
lipid  material,  (short  and  longer  chain  fatty  acids)  there  are  seme  carbohydrates  (hexoses,  pen¬ 
toses  and  rhamnotides).  It  is  these  materials  which  I  think  one  looks  on  as  the  substrates  for 
bacterial  action.  Now  I  entirely  agree  that  the  amounts  of  these  materials  are  of  the  order  of 
micrograms  carbon  per  litre,  rather  than  the  total  amount  of  half  a  milligram  carbon  per  litre 
which  I  think  was  the  figure  that  Holm-Hansen  suggested  as  a  mean  value.  (Holm-Hansen  pro¬ 
vided  a  table  at  this  point  for  Raymont  to  use)  Table  1,  Molecular  Nature  of  the  Dissolved  Or¬ 
ganic  Matter  in  the  Northeast  Pacific  Ocean  (quantities  in  micrograms  carbon  per  litre  mean). 
The  total  organic  carbon  is  one  thousand  microgram  atoms  per  litre.  The  breakdown  is:  -  amino 
adds  25pg-At./L.,  sugars  (free)  lOng-At/L.,  fatty  adds  (free  and  combined)  4tkrg*At/L.  and 
vitamins,  lO^pg-AtTL,  (I’ve  left  out  two  of  the  smaller  quantities).  You  can  see  that  there  is 
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a  relatively  small  quantity  of  what  I  call  the  labile  materials,  and  it  is  these  that  are  the  substrates 
for  bacteria.  I  think  that  this  sums  up  what  I  wanted  to  say. 

Clarke,  G.:  Has  anyone  tried  to  grow  anything  on  these  sorts  of  materials  at  sjch  concentrations? 

Raymont:  I’m  speaking  from  memory  now,  but  I  think  I  must  say  ‘  No”.  However,  I  think  that 
Jannasch  has  shown  in  his  experiments  how  you  can  get  marine  b&vteria  growing  at  much  lower 
concentrations  than  we  normally  think  of  in  laboratory  cultures.  In  laboratory  culture  we  think 
of  big  batch  cultures  with  high  densities  of  bacteria,  but  there  would  normally  be  one  or  two 
dominant  species,  probably  succeeded  then  by  other  species.  What  Jannasch  has  been  able  to  do 
is  to  grow  a  whole  number  of  species  together  without  an  obvious  dominance  of  one.  These  are 
then  able  to  grow  at  much  lower  concentration  of  nutrients,  though  I  admit  not  as  low  as  those 
just  quoted.  Jannasch  suggests  that  you  get  a  much  more  balanced  system,  not  perhaps  an  equi¬ 
librium,  but  somewhere  approaching  a  dynamic  equilibrium  where  a  whole  number  of  species  is 
living  at  lower  densities,  and  at  much  lower  concentrations  of  nutrients.  These  concentrations 
might  come  somewhere  near  the  sort  of  concentrations  that  we  have  in  the  open  sea. 

D’Aoust:  The  criteria  for  whether  such  material  is  utilkable  is  often  based  on  bacteria  that  are 
not  collected  from  deep  down  in  the  water  column.  It’s  known  that  there  are  some  bacteria  that 
can  use  raw  petroleum,  for  that  matter,  albeit  very  slowly,  but  it’s  something  to  think  about,  and 
I  think  the  point  should  be  made. 

Raymont:  Yes,  and  I  believe  that  in  the  case  I  was  quoting,  they  were  more  or  less  near-surface 
bacteria. 

Clarke,  W.:  In  many  observations  while  diving  you  see  all  this  gelatinous  and  stringy  material 
hanging  in  the  water.  I  don’t  think  that  ai,  one  has  analyzed  this  material,  but  it  might  be  pro¬ 
teinaceous  or  amino  adds  or  whai  have  you.  All  this  material  hanging  in  the  water  could  act  as 
a  large  surface  area  for  bacterial  growth,  and  it  mp.y  be  a  scavenging  surface  for  amino  adds  or 
other  materials  in  the  water  and  produce  a  focal  point  for  these  sorts  of  chemical  reactions. 

When  you  put  a  plankton  pump  down  in  the  ocean  and  you  pump  away,  you’re  sort  of  integrat¬ 
ing  all  of  this.  It  may  be  that  this  detritus  or  sno  v  that  we  commonly  see  is  a  focal  point  for  this 
activity  and  an  available  fool  source  which  organisms  can  feed  on.  I  must  admit  that  I’ve  never 
seen  anything  feeding  on  this  material,  hut  it  certainly  is  abundant. 

Marshall:  One  interesting  aspect  cf  dissolved  organic  material  and  the  growth  of  organisms  in 
thr  sea  involves  the  Pogonophora,  animals  with  no  mouth,  no  anus,  no  gut.  How,  then,  do  they 
live?  I  think  Dr.  Little  at  Bristol  has  shown  fairly  well  that  they  can  live  on  amino-adds,  so  here 
is  one  group  of  organisms  that  lives  on  the  deep-sea  floor  and  probably  depends  on  dissolved 
organic  matter. 

Raymont:  I’m  reminded  that  we  have  had  a  lot  of  papers  from  Stephens  and  his  colleagues  on 
the  uptake  of  amino  adds  and  similar  compounds.  The  last  paper  I  saw  suggests  that  arthropods 
are  apparently  the  least  able  invertebrates  to  take  up  dissolved  organic  matter  from  solution. 

Clarke,  IP..'  Leighton  has  been  doing  some  work  in  sewer  outfalls  with  sea  urchin  populations.  I 
admit  that  this  work  isn’t  scattering  layers  or  orientation,  but  these  organisms  are  apparently 
able  to  take  advantage  of  amino  adds  and  other  materials  in  the  water  when  the  natural  kelp  and 
algal  supplies  have  disappeared.  In  the  vicinity  of  the  sewage  outfalls  they  are  apparently  able 
to  take  advantage  of  this  material  that  is  in  the  water,  somehow  or  other  to  take  it  up  and  in¬ 
corporate  it  into  their  metabolisms.  Admittedly  echinodemu  are  not  arthropods,  but  they  are 
apparently  very  efficient  in  their  metabolism. 
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Pearcy:  Dr.  Raymont,  what  is  the  evidence  for  small  filter  feeders  in  the  detrital  food  chain  of 
the  deep  ocean?  If  detritus  or  organic  aggregates  are  the  basis  of  the  food  chain,  I  would  expect  a 
trend  toward  small  organisms  with  fine  filtration  mechanisms.  However,  deep  euphausiids  and 
copepods  are  often  large  and  obviously  Carnivorous,  with  coarse  feeding  appendages. 

Raymont:  The  evidence  is  against  me  here.  The  only  thing  I  can  plead  is  I  think  that  until  we 
do  some  direct  experimentation  it's  dangerous  to  conclude  from  an  examination  of  appendages 
what  filter  feeding  organisms  can  feed  on.  I’d  like  to  give  an  example  though  admittedly  this 
is  from  the  shallow  sea:  Oithona  has  mouth  appendages  which  are  coarse  and  which  are  well 
adapted  for  raptorial  feeding;  in  other  words,  it  is  essentially  a  carnivore.  As  you  probably  well 
know,  you  can  make  Oithona  filter;  how  it  does  I  honestly  don't  know,  but  you  can  make  it 
filter.  Similarly,  you  can  make  Centropages,  which  is  supposed  to  be  an.  omnivore,  filter  almost 
entirely.  All  I’m  suggesting  is  that  if  you  can  increase  your  particle  size  with  aggregates  fed  on 
by  a  protozoan  (perhaps  a  small  ciliate),  then  you  can  get  a  form  which  may  be  more  suitable  as 
prey.  I  agree  that  I  have  no  knowledge  of  this;  what  I’m  offering  is  a  model.  Really  what  I’m 
pleading  for  is  that  in  future  investigations,  somehow  or  other,  one  will  use  fine  nets  as  well  as 
the  high-speed  coarse  nets  and  one,will  examine  the  really  small  plankton.  At  present,  the  sort 
of  investigation  that  I  was  describing  has  been  done  down  to  about  200  or  300  metres.  We  need 
to  do  this  in  the  deep  sea,  and  it’s  going  to  be  difficult. 

Marshall:  Some  of  the  herbivorous  copepods  are  able  to  seize  individual  diatoms.  Why  can’t  the 
deep  sea  ones  seize  an  individual  foraminiferan  or  a  radiolarian  or  tintinnid?  Are  very  fine  filters 
necessary  for  this  kind  of  existence?  If  Calanus  can  seize  a  diatom,  why  shouldn’t  the  deep¬ 
living  copepods  seize  their  food,  especially  radiolarians? 

Smith:  We  think  that  people  are  overestimating  the  amount  of  energy  that  is  expended  in  the 
vertical  migration.  We  think  that  some  of  the  animals  have  to  expend  this  amount  of  energy 
merely  to  clear  the  gill  filaments  and  the  small-scale  viscous  problems  of  this  kind,  and  that  the 
energy  that  is  expended  in  vertical  migration  would  be  expended  if  they  were  to  move  500 
meters  laterally.  We  have  a  paper  (Vlymen,  W.  S,,  Limnology  and  Oceanography,  Vol.  15, 348- 
356, 1970)  out  now  which  contends  that  vertical  migration  is  quite  free,  almost  extra  expendi¬ 
ture.  Do  you  have  any  reaction  to  this? 

Raymont:  No  comment. 

Holm-Hanxn:  In  regard  to  the  refractory  nature  of  the  dissolved  organic  matter  in  the  ocean, 
Peter  Williams  at  Scripps  has  done  a  lot  of  work  regarding  the  age  of  the  dissolved  organic  mate¬ 
rial  and  has  come  up  with  the  age  of  approximately  3400  years  for  samples  from  2000  m  in  the 
Pacific.  This  was  estimated  by  determination  of  the  natural  radiocarbon  activity  of  the  dissolved 
organic  carbon.  Williams  has  also  studied  the  !5C/l2C  ratios  in  the  dissolved  organic  matter. 

His  data  indicate  a  uniform  distribution  of  6  l3C  with  depth,  which  indicate  that  the  dissolved 
organic  material  is  very  refractory ;  hence  most  of  it  would  be  unavailable  for  hettro trophic 
growth.  One  other  thing  in  regard  to  the  particulate  matter:  several  investigators  have  collected 
the  particulate  matte  by  filtration  and  then  used  tbs  in  rim  bacterial  populations  or  have  added 
bacterial  populations  to  it  and  tested  for  the  amount  of  material  which  can  be  degraded.  Hen 
again  the  evidence  is  that  a  very  large  proportion  of  it  cannot  be  degraded  by  bacterial  action. 

NafpaktitU:  In  my  studies  of  midwater  fish  in  general,  and  of  lanterufeh  (famfly  Hyctophidaa) 
in  particular,  I  soon  became  interested  in  the  extraordinary  phenomenon  of  dM  vertical  migra¬ 
tions.  1  have  always  triced,  as,  no  doubt,  others  have  done,  two  main  questions:  Howl  and  *%? 
By  “how”  I  refer  to  the  mechanim,  or  mechanisms,  reapooaftrie  for  trigpring  these  migrations; 
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and  then,  why  do  these  creatures  move  up  and  down  daily,  what  is  the  adaptive  significance  of 
this  behavior. 

By  far  the  most  difficult  question  to  answer  is  and  will  for  quite  some  time  be  the  “why”.  It 
has  repeatedly  been  proposed  that  “feeding”  is  the  biological  necessity  underlying  these  vertical 
migrations.  After  having  heard  the  excellent  presentations  by  Drs.  Raymont,  Holm-Hansen, 
Kinzer  and  others  during  this  symposium,  I  am  less  convinced  today  than  ever  before  that  “feed¬ 
ing”  is  the  answer  to  the  question.  Among  other  things,  this  answer  does  not  seem  to  explain 
the  multiplicity  of  migratory  patterns,  some  of  which  were  discussed  today  by  the  participants 
to  this  symposium.  Moreover,  offered  by  itself,  often  emphatically,  as  the  answer  to  the  prob¬ 
lem,  it  may  discourage  intensive  search  and  study  of  other  much  more  subtle,  but  equally  as  im¬ 
portant  biological  factors  underlying  these  vertical  migrations.  The  thought  that  feeding  in  the 
upper,  richer  layer  of  the  ocean  may  someday  prove  in  many  cases  to  be  a  matter  of  happy  coin¬ 
cidence  does  no  longer  sound  too  far  fetched. 

While  studying  the  various  midwater  fish  my  attention  was  drawn  to  an  area  in  the  frontal 
bone,  on  top  of  the  head  and  between  the  eyes  (Figure  1).  In  this  area  the  bone  is  very  thin 
(upper  right  in  Figure  1),  especially  so  in  confirmed  vertical  migrators,  with  the  overlying  skin 


160 


DISCUSSION 


completely  devoid  of  pigment.  Beneath,  and  in  contact  with,  the  thin  bone  one  may  see  the 
pineal  organ.  The  apparent  association  between  vertical  migration  and  degree  of  development  of 
the  “pineal  window”  encouraged  us  to  initiate  a  serious  study  of  the  pineal  complex  in  midwater 
fishes  and  its  possible  implication  as  a  photoreceptor  and  a  “biological  clock”  triggering  the  mi¬ 
gratory  behavior. 

It  has  been  found  that  in  the  Western  Fence  Lizard,  Sceloporus  occidentals,  another  dien¬ 
cephalic  derivative,  the  parapineal,  a  structure  analogous  to  the  pineal  of  fkh,  plays  a  very  im¬ 
portant  role  in  regulating  the  animal’s  exposure  to  solar  radiation. 

From  the  little  work  that  has  been  done  in  deep-sea  pineal  structures  (Holmgren,  1959)  and 
from  our  preliminary  histological  studies  there  is  reason  to  believe  that  the  distal  part  of  the 
pineal  complex,  the  part  which  is  in  contact  with  the  thin  bone  of  the  skull,  includes  at  least  two 
kinds  of  cells:  secretory  and  supporting.  Study  of  the  ultrastructure,  as  well  as  biochemical  and 
electro-physiological  studies  may  reveal  photoreceptors  analogous  to  those  found  in  the  lateral 
eyes,  and  perhaps  the  presence  of  photosensitive  pigments.  At  this  time  I  can  only  say  that  the 
study  of  the  pineai  complex  in  midwater  fish  will  prove  very  rewarding. 

Cohen:  Basil,  you  mentioned  that  the  Western  Fence  Lizard,  Sceloporus ,  has  an  analogous  or¬ 
gan,  and  of  course  the  tuatara  does  too.  When  we  say  it’s  analogous,  we  are  talking  about  this 
structurally.  What  about  functionally? 

Nafpaktitis:  They  are  analogous  because  their  function  is  probably  similar. 

Cohen:  But  isn’t  that  what  we  are  talking  about?  There  are  not  any  lizards  that  are  known  to 
be  diel  migrators  so  far,  are  there?  Why  do  they  have  these  organs? 

Nafpaktitis:  No,  but  I  may  mention  a  recent  study  by  people  at  Berkeley.  First  of  all,  let  me 
clarify  this  analogy  versus  homology.  In  lizards  the  structure  is  called  die  parapineal  or  parietal 
organ.  It  is  also  a  diencephalic  derivative,  but  it  is  in  front  of  the  pineal  which  we  flnu  in  fishes. 
So  this  is  why  I  say  the  two  structures  are  not  homologous:  they  are  analogous  in  that  they  prob¬ 
ably  have  the  same  function.  In  Sceloporus  occidentaUs-iht  Western  Fence  Lizard-recent 
studies  have  shown  that  the  organ  includes  cone-tike  structures  with  layers  of  membranes  one  on 
top  of  the  other.  Eakin,  Stebbins  and  their  associates  at  Berkeley  have  called  this  organ  the 
“dosimeter  of  tolar  radiation”.  They  have  conducted  field  and  laboratory  studies  in  which  they 
managed  to  derail  the  rhythmic  behavior  of  lizards  from  which  the  parapineal  bad  been  surgically 
removed.  In  short,  then  is  evidence  that  in  Beards  at  baat  it  is  this  structure  that  woskaaa  a 
“biological  dock  ”  The  dock  is  there,  and  it's  set  by  smbisnt  phenomena,  light,  for  example. 

Marshall:  Some  myctophlds  migrate  and  some  don’t.  Have  you  looked  at  the  ones  that  don’t 
migrate? 

Nafpaktitis:  Yes,  primarily  TmmMgkhtkys.  We’rs  just  beginning  to  study  it.  Externally  the 
window  dots  not  seem  to  be  aswefi  developed  as  in  diaBownmJgi  story  foam.  Ws  have  some 
Lampmkm  that  do  not  migrate,  tad  we  have  TOmdngickthyt  that  do  not  migrate.  W«  also  have 
the  deep  Qrdothone,  the  black  ones,  that  don't  seem  to  migrate,  at  km  extenrively.  We're 
looking  into  them  for  comparative  purposes.  It  is  extremely  wel  developed  in  thorn  myctophids 
that  live  in  the  upper  400  meters,  «>d  we  know  definitely  that  they  do  migrate. 

Hobtt-Hensm:  1  don't  blame  the  lizards  for  being  upset  after  cranial  aargacy  Bka  that.  Why*.' 
just  put  a  black  bandaid  on  .‘op  of  their  head? 

Nafpaktitis:  That  has  also  been  done,  only  instead  of  a  bandatd  they  have  used  aluminum 
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Holm-Hansen:  What  happened  to  the  behavior? 

Nafpaktitis:  It  was  changed. 

Clarke,  W.:  A re  you  stating  then  that  you  think  trial  it’s  a  light  cue  rather  than  a  nutritional  cue 
that’s  sending  these  organisms  up  and  down? 

Nafpaktitis:  It’s  highly  speculative,  but  I  just  venture  the  suggestion  that  it  is. 

Clarke,  W.:  Iam  being  speculative,  but  I  have  seen  other  instances  of  lantemfish  not  making 
their  migration.  In  other  words,  we  passed  the  main  body  of  them  higher  in  the  water  column. 
They  have  migrated  up,  but  there  are  still  some  sitting  lethargically,  as  Eric  Barham  says,  at 
depth  not  making  their  migration,  so  to  speak.  They’re  not  with  their  light  cue,  and  if  we  look 
at  some  of  the  invertebrates,  euphausiid  and  sergestid  shrimp  in  the  Santa  Barbara  Channel  mi¬ 
grate  with  light,  but  apparently  for  nutritional  reasons  since  we  find  them  with  full  guts  when 
they  get  up  to  the  surface.  We  also  find  that  they  miss  cycles.  In  Saanich  Inlet  we  found  some 
euphausiids  just  sitting  there  at  depth.  The  main  body  of  euphausiids,  at  least  from  visual  ob¬ 
servations  in  a  submersible,  had  migrated  up  to  the  surface.  Here  at  daytime  depths  were  some 
dormant  euphausiids;  apparently  they  had  missed  that  diurnal  cycle.  To  me  this  intuitively 
would  spell  a  nutritional  requirement  rather  than  a  light  requirement. 

Nafpaktitis:  To  expect  clearcut  cases  in  the  ocean  and  in  nature  in  general  would  be  a  little 
absurd.  We’re  now  getting  to  know  more  about  digestion  rates,  metabolic  rates,  etc.  Perhaps 
those  that  you  saw  staying  behind  had  fed  recently  and  were  still  digesting  And  this,  of  course, 
may  affect  the  nervous  system,  which  is  supposedly  affected  by  the  pineal  organ  which  is  af¬ 
fected  by  light.  There  is  probably  some  complex  feedback  mechanism  there. 

Clarke,  W.:  Yes.  and  this  behavior  is  quite  striking,  not  only  in  the  laniernfish  and  euphausiids 
but  in  the  sergestids  too.  You  will  occasionally  find  them  off  base,  so  to  speak.  They're  down; 
they  don't  make  the  migration.  This  turned  up  not  only  in  visual  observations  from  submcnibtes 
but  also  in  some  discrete  depth  plankton  samples. 

Nafpaktitis:  That  I  know  of,  there’s  no  evidence  whatsoever  that  ill  the  members  of  a  species 
do  migrate  every  day. 

Qarke,  W>:  But  you’re  still  advocating  a  light  stimulus  or  a  nutritional  stimulus  or  what? 

Nafpaktitis:  A  light  cue  received  by  the  pineal.  That  is  the  one  that  triggers  when  the  animal 
is  phy  do  logically  prepared  to  undergo  migration. 

Qarke,  W.:  But  what  would  you  say  of  the  euphaudids  and  aergestids? 

Nafpaktitis:  1  don’t  know. 

Clarke,  W.:  They  do  migrate,  apparently  following  an  isohsme.  1  am  admittedly  being  ton  at  a 
devil’s  advocate. 

Nafpaktitis:  How  deep  are  the  ones,  the  eupheushds  or  aergestids,  that  do  migrate  to  surface 
layers?  What  is  the  extent  of  migration? 

Qarke,  W.:  We  find  aergestids  right  along  with  the  lantcrafta  in  the  Sente  Barbara  Channel 
down  to  400  or  500  meters. 

Nafpaktitis:  They  do  teen  to  migrate? 


■■■■  iTinhmL}r««n,mgi 


162 


DISCUSSION 


Clarke,  W.:  They’re  migrating  with  an  isolume,  at  least  on  the  basis  of  one  year’s  work,  which 
would  seem  to  be  just  a  slightly  higher  light  level  than  that  associated  with  the  lantemfbh,  but 
there’s  a  closer  overlap  between  the  lantemftsh  and  the  sergestid  shrimp  th#n  there  is  between 
euphausiids  and  the  sergestids.  We  have  a  layered  cake  here,  but  there’s  a  lot  more  overlap  be¬ 
tween  the  sergestids  and  the  lantemfish.  This  seemed  to  be  the  case  in  Saanich  Inlet  with  the 
few  sergestids  and  lantemfish  that  we  saw  there.  And  also  in  the  Slope  Waters,  the  sergestids 
and  the  lantemfish  weie  more  intimately  associated  than  they  were  with  euphausiids,  but  they 
were  all  making  these  migrations. 

Nafpaktitis:  I  can’t  answer  your  question,  but  I  would  like  to  add  that  Dink  Young,  who  is  now 
in  Hawaii,  has  been  looking  ai  the  “VELERO”  cephalopoda,  and  entirely  independently  he  came 
up  with  something  similar.  He  is  planning  to  study  some  light  receptors  in  his  cephalopoda  other 
than  the  eyes.  I  do  not  know  any  more  details. 

Roper:  Dick  Young  is  working  with  the  parolfactory  vesicles  in  cephalopods,  particularly  in  the 
ones  that  migrate.  Most  of  the  enoplotcuthids,  for  instance,  are  active  migrators  and  have  parol¬ 
factory  vesicles;  apparently  the  nonmigrator,  lack  well-developed  vesicles. 

Nafpaktitis :  He  suspects  that  these  may  function  as  light  receptois? 

Roper:  That’s  correct,  but  until  recently  he  hasn’t  been  able  to  do  more  than  take  a  preliminary 
look. 

D’Aoust:  1  think  one  good  speculation  deserves  another,  and  there  need  be  no  cither-or  ap¬ 
proach.  None  of  us  would  go  to  dinner  if  we  didn’t  see  any  food  on  the  table,  and  it  could  be 
that  the  pineal  apparatus,  if  it  has  a  light  role,  simply  neurologically  indicates  that  it’s  time  to 
eat.  Now  whether  it's  hungry  is  another  matter.  1  don’t  see  any  contradiction  in  the  fact  that 
both  nutritional  and  light  cues  can  work,  as  you  suggested. 

Dunbar:  Fascinated  as  1  was  by  the  second  paper  this  morning,  Dick,  I  wanted  to  ask  a  question 
about  tire  first  if  Dr.  Al  Ebelbg  is  here.  Dr.  EbeUng  produced  a  scheme  on  a  slide  which  I  found 
very  interesting  indeed  on  ti«e  subject  of  the  subdivision  of  an  enormous  oceanic  ecosystem  into 
units.  This  is  a  problem  which  has  interested  me  for  some  time.  I  wanted  to  ait  how  he  would 
define  a  pelagic  marine  ecosystem  and,  more  than  that,  subdivide  it  into  functional  units. 

Eb&fag:  I  would  define  a  pelagic  oceanic  ecosystem  u  the  set  of  events  that  occur  as  oceanic 
organisms  interact  among  themsehrts  and  with  their  environment.  We  defined  functional  units 
within  the  system,  t.e.,  communities  and  ecological  groups,  by  statistic*!  truly ds.  The  commu¬ 
nities  may  interact  through  predator-prey  relationahJpe.  For  example,  many  of  the  taper  ffcbes 
and  shrimps  in  an  “buboes  FUh  Volume  Community,”  which  occupies  the  middepths  of  die 
Santa  Barbara  Channel,  apparently  eat  mailer  crustaceans  in  a  "Shallow  Invertebrate  Commu¬ 
nity.”  Although  the  two  community*  may  be  more  or  Sen  separated  during  the  day,  they  inte¬ 
grate  at  night,  especially  mv  the  surface  when  members  are  at  the  upper  end  of  their  dkl  vertical 
ndgra*ioc  and  are  actively  feeding.  If  the  larger  eninuls  in  the  deeper  cornmtadtke  are  fofiow- 
ing  the  snulW  aninah  in  the  shallower  oommurUbea,  whet  see  the  shaOcwer,  matter  aatinab 
doing?  Seme  workers  have  suggested  that  they  migrate  to  the  food-rich  surface  waters  to  feed 
under  the  cover  of  night,  thee  descend  at  daybreak  to  rest  and  hide  in  the  dark  and  coot  depth*. 
Ail  grazers*  of  course,  are  restricted  to  the  eupbotic  zone  near  the  surface.  As  invests rt  by 
Michel  and  Grandperrin,  therefore,  a  “no-man's  land"  of  treat!  may  occur  between  two  ob¬ 
served  zones  of  maximum  trswtfaig  succeas,  one  near  the  surface  and  the  oC^r  naer  the  bottom 
of  the  permanent  thermodtoa.  Our  limited  “ecosystem,"  of  course,  is  defined  relative  to  the 
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six-foot  midwater  trawl  universe  and  to  our  limited  series  of  environmental  measures.  But  there 
is  good  evidence  that  seasonal  and  ontogenetic  groups  of  animals  occur  within  and  about  the 
stable  communities  «'hose  members  are  abundant  the  year  around.  Therefore,  the  ecosystem  is 
four-dimensional  and  fluctuates  in  both  time  and  space. 

Someone  mentioned  possible  biological  clocks  and  ciicadean  rhythms  with  respect  to  die! 
vertical  migration.  One  of  my  graduate  students,  Richard  Ibara,  has  investigated  such  migrations 
of  the  midshipman  fish,  Porichthys  notatus.  Admittedly  it’s  not  a  real  deep-sea  fish.  It  lives 
most  of  the  year  at  depths  of  100  meters  or  greater,  buried  in  the  sandy  and  muddy  bottom 
during  the  day.  It  may  ascend  into  the  “Shallow  Invertebrate  Community”  during  the  night  and 
feeds  mainly  on  small  crustaceans  like  euphausiids  and  amphipods.  It  has  a  well-developed  swim- 
bladder,  whose  volume  must  be  adjusted  during  the  ascent.  The  interesting  thing  is  that  young 
individuals  in  laboratory  aquaria  become  active  periodically  according  to  a  diel  cycle.  They  will 
uncover  themselves,  swim  about  or  hover  motionlessly,  snap  at  live  shrimp,  then  bury  themselves 
again.  But  their  circadean  activities  require  entrainment  by  some  sort  of  light-dark  cycle,  and 
they  are  out  of  phase  under  constant  conditions  of  light  or  dark. 

Oarke,  W.:  On  this  business  of  whether  we  can  recognize  a  community  per  se,  the  fact  that  we 
can  go  in  now  and  predict  essentially  what  we  will  catch  at  a  certain  light  level,  I  think,  adds 
some  credence  to  the  fact  that  we  do  have  something  here  that’s  material.  In  other  words,  we 
can  select  a  particular  isolume  in  the  Santa  Barbara  Channel  and,  say,  ninety-nine  times  out  of  a 
hundred  predict  what  organism  will  dominate  that  particular  catch  on  the  basis  of  the  light  re 
gime.  Through  my  year’s  work  we  found  out  that  the  euphausiids  are  associated  primarily  with 
one  isolume,  sergestids  with  another,  and  lantcrnfish  with  another.  And  these  layers  maintain 
their  integrity  throughout  the  diurnal  cycle  even  though,  In  the  cue  of  the  euphausiids,  the  light 
regime  they’re  following  goes  through  the  surface  of  the  ocean  at  night  and  they  cannot  follow 
it.  They  can’t  swim  sny  higher.  But  the  sergestids  and  Lantemflsh  layers  maintain  their  integ¬ 
rity  throughout  this  period  whether  it’s  a  moonless  night  or  not,  so  you  can  associate  a  certain 
predictability  with  this.  Vou  can  turn  the  table  around  and  say,  “Okay,  if  I  fish  at  thi*  light 
level,  1  will  And  these  organisms  in  association  with  one  another,  and  they  will  dominate  the 
catch.”  So  I  think  again  we  have  a  reverse  indication  that  these  communities  actually  are  exist¬ 
ing  here. 

McCartney:  » would  like  to  ask  whether  anybody  has  any  data  on  migrations  during  eclipses. 
That’s  the  first  point.  The  second  point  is  concerned  with  hearing  in  swimbladder  flit  I  think 
that  Dr.  Marshall  mentioned  that  there  was  no  obvious  connection  between  the  swimbladder 
and  the  ears,  and  1  don’t  believe  that  it  is  necessary  that  there  be  any  obvious  connection,  as  in 
the  Weberian  apparatus,  for  the  swimbladder  to  affect  the  hearing  or  perhaps  improve  it  at  tow 
frequencies.  Related  to  that,  perhaps  I  might  ask  Dr.  Barham  whether  he  feels  that  tha  motor 
noise  from  his  submersibks  was  being  sensed  by  the  fldt  in  addition  to  their  rapons*  to  the 
light.  Further,  does  anybody  feel  that  Ureas  deep  am  fhh  are  escaping  tha  oets  in  tha  tame  way 
that  fishes  in  taflov  depths  can  sometimes  hear  the  trawl  nets  coming  along,  especially  bottom 
trawls? 

Manhoil:  About  the  swimbladder  and  the  bearing,  there  are  some  deep  aaa  fish,  deep  sea  cod, 
which  have  a  connection  between  the  swimbladder  and  the  ears,  a  very  does  connection.  It’s 
true  that  time’s  not  a  dost  connection  hi  the  lanferaftfe,  but  the  swtabledder  oouid  Auction 
as  a  hearing  aid,  although  presumably  not  as  well  as  in  the  deep  aaa  cod.  Actually,  1  think  that 
Dr.  Alexander  would  have  some  data  on  this.  I  think  he  worked  out  some  properties  of  the 
swimbladder  and  hearing,  however  with  a  close  connection,  if  1  remember  rightly. 
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Alexander:  But  it  falls  off  very  rapidly  in  the  near  field. 

McCartney:  Agreed.  It  falls  off  very  rapidly  in  the  near  field,  but  the  presence  of  the  swim- 
bladder  means  that  the  particle  velocity  at  the  ear  at  these  low  frequencies  is  many  orders  of 
magnitude  greater  than  it  would  be  if  the  swimbladder  were  not  present. 

Alexander:  I  don’t  think  there’s  a  possibility  of  more  than  about  two  orders  of  magnitude  and 
that  .ily  when  you  have  a  close  connection  between  the  swimbladder  and  the  ear.  If  the  swim- 
bladder  is  removed  from  the  ear  by  a  substantial  distance,  you  get  a  falling  off  as  the  near  field 
fells  off  around  a  source. 

Barham:  Subjectively,  we  get  the  feeling  that  there  is  a  great  deal  of  difference  between  differ¬ 
ent  submersibles  and  the  motors  that  drive  them  ard  the  organisms’  reactions  to  them.  For  ex¬ 
ample,  the  Cousteau  saucer  had  a  water  propulsion  system.  It  was  driven  by  electric  motors, 
that  is  true,  but  they  were  DC  motors  which  are  not  highly  efficient  but  worked  beautifully. 

They  couldn’t  go  very  fast  but  had  a  great  deal  of  control.  We  had  very  good  luck  using  this 
vehicle  in  the  dives  off  Cabo  San  Lucas,  where  we  took  up  a  station  and  allowed  a  scattering 
layer  to  migrate  by  us.  We  just  rat  there  and  turned  the  lights  off  and  on  at  one  or  two-minute 
intervals,  and  this  worked  out  beautifully.  We  then  worked  with  DEEP  STAR.  We  thought  we 
could  play  the  same  game,  but  it  didn’t  turn  out  quite  that  neatly  at  all.  DEEP  STAR  had  DC- 
AC  inverters  on  it,  and  we  had  a  lot  of  trouble  with  them,  as  anybody  associated  with  that  pro¬ 
gram  knows.  It  kept  failing  all  the  time.  Eventually  they  got  it  whipped.  At  any  rate,  this  leads 
off  into  another  crazy  theory  which  I  shan't  bore  you  with,  but  I  do  think  that  lots  of  organisms 
are  extremely  susceptible  to  electric  signals,  and  whenever  these  darned  inverters  would  turn  on, 
they  would  create  a  whine.  Whenever  they  would  run  through  their  various  step  gains  on  their 
motors,  the  switches  would  snap  and  pop,  and  things  were  different.  There  were  times,  particu¬ 
larly  when  we  were  working  with  Bill  Batzler,  when  we  were  sitting  at  a  certain  level  and  pinging 
upward  with  the  sound  devices,  that,  expecting  the  scattering  layer  to  come  by  us  very  neatly  and 
idcely,  we  would  turn  on  the  lights,  look  at  these  things,  and  identify  and  count  them.  But  we 
would  hardly  see  anything,  and  then  we  would  get  the  word  from  the  surface:  Everything  is  up, 
fellas.  Come  home,  It’s  all  over.  And  we’d  start  up,  and  we’d  pass  these  things.  They  had  al¬ 
ready  gotten  by  us  somehow,  and  we  hadn’t  se-n  them;  they  seemed  to  detour  around  us.  Per¬ 
haps  because  they  could  see  the  glow  from  our  lights  every  two  minutes  as  they  were  moving  up¬ 
ward,  they  took  off  in  slightly  different  directions  and  we  missed  them.  Another  thing  you  have 
to  bear  in  mind  is  that  sometimes  these  populations  that  some  of  u?  feel  are  basically  responsible 
for  scattering  layers  can  be  very  diffuse.  There  doesn’t  have  to  be  a  lot  of  them.  It’s  very  subtle. 
You  can  miss  it  very  easily.  You  are  obviously  trying  to  get  enough  numbers  to  be  convincing. 

If  you  don’t  get  those  numbers,  you  are  left  with  something  of  an  uncertainty.  At  other  times 
things  look  very  clear  and  very  distinct.  It  all  depends. 

1  would  go  back  to  another  question  now  that  1  am  here  and  direct  this  to  the  people  who 
are  studying  communities  in  the  California  Current  system.  If  you  do  not  consider  physonect 
siphonophores  in  your  system,  associated  with Euphausk  paci/ica  and  Sergestes  similis  as  a  tri¬ 
umvirate,  I  think  you  are  missing  a  bet.  I  beseech  you  to  devise  collecting  methods  to  go  out  and 
take  these  things  so  that  you  can  take  a  good  look  at  them  because  they  are  there  and  they  are  a 
very  dominant,  important  predator  in  this  system. 

Backus:  I  might  say  a  word  about  the  question  relevant  to  the  behavior  of  deep  scattering  layers 
during  solar  eclipses.  We  made  some  observations  during  the  solar  eclipse  of  July  20, 1963.  The 
eclipse  was  on  the  order  of  90  percent  coverage  of  the  sun  at  the  location  of  the  ship.  The  time 
of  maximum  occlusion  was  well  into  the  afternoon,  as  I  remember  it.  The  scattering  layer  began 
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to  behave  as  it  would  at  sunset  and  then  started  back  down.  Then  proper  sunset  came  and  it 
came  on  up.  We  wanted  to  do  some  fidiing  experiments  during  the  recent  solar  eclipse,  but  the 
ship  wasn’t  available  and  I  considered  it  a  bore  to  turn  just  the  echosounder  on  again.  But  one 
of  our  ships  was  at  sea  where  the  maximum  occlusion  occurred  closer  to  the  middle  of  the  day 
and  was  not  so  extensive  as  on  the  earlier  occasion;  the  echosounder  records  weren’t  very  good, 
but  little  or  no  response  was  indicated.  Like  most  things,  it  is  rather  complicated. 

Kaye:  I  think  ONR  asked  for  reports  during  tile  past  eclipse,  and  I  wonder  if  they  rece  ived  any 
results. 

Holt:  Nothing. 

Farqukar:  I  would  like  to  go  back  for  just  a  moment  to  the  discussion  by  Basil  Nafpaktitis  re¬ 
garding  the  pineal  complex.  If  this  complex  is  to  be  of  particular  advantage  to  the  animal  as  a 
light  collector,  then  it  seems  to  me  that  its  optical  properties  ought  to  be  better,  perhaps,  than 
the  eye.  I  wonder  if  you  looked  at  a  comparison  between  the  transmissivity  of  the  pineal  cover¬ 
ing  as  opposed  to  the  eye  of  the  animal. 

Nqfpaktitis:  As  I  said,  we  are  just  now  beginning  to  go  into  the  pineal.  I  do  not  belittle  the  im¬ 
portance  of  the  eye.  There  is  no  doubt  about  it,  but  the  pineal  body  might  prove  as  important, 
if  not  more  important,  in  terms  of  sensitivity. 

Hansen:  This  would  mean  that  the  eye  is  an  information  gathering  organ  in  terms  of  a 
visual  image  -  you  used  the  term  light  dosimeter.  This  would  not  be  an  image-making  device 
but  a  summating  device  for  triggering  the  migratory  behavior.  In  vertical  migration  studies 
dating  as  far  back  as  1898,  there  is  a  recurrent  theme  stating  that  the  sign  of  migration-in 
other  words,  the  direction-is  changed  by  a  salinity  change  such  that  vertically  migrating 
plankton  would  take  off  on  a  triggering  light  signal,  quite  probably  going  faster  than  the 
isolume,  but  would  eventually  cut  off  not  to  a  light  signal  but  to  some  physiological  osmotic 
effect  such  as  a  salinity  change  near  the  surface.  This  problem  1  find  very  interesting  because 
Bill  Clarke  explained  the  delay  by  saying  that  the  isohime  would  go  on  through  the  surface. 
Obviously  our  organisms  can’t.  So  what  do  they  do  when  the  isolume  trigger  is  stopped  and 
they  are  all  stuck  up  there  at  the  surface?  You  then  have  to  reverse  the  sign  to  move  them 
back  down  again  to  reverse  the  behavior  pattern.  1  wonder  if  anyone  else  has  any  thoughts 
on  this. 

Qarke,  W..-  What  we  usually  noticed  was  that  the  light  level  would  come  up  again,  the  sign 
would  reverse,  and  the  euphausiids  would  start  moving  down,  essentially  associated  with  the 
same  isolume.  Their  migration  was  stopped  because  of  an  interface  which  they  couldn’t  go 
through.  In  the  case  of  the  sergestids  and  lanternfish,  that  isolume  never  reached  the  surface. 
They  would  come  to  the  apogee  so  to  speak,  in  their  migration  but  they  would  not  start  migrat¬ 
ing  down  until  the  light  level  increased  again.  We  made  a  series  of  oblique  tows  at  these  dark 
times  well  below  their  preferred  light  levels  right  up  through  the  whole  water  column.  They 
would  not  start  downward  migration  again  until  light  levels  rose  to  a  point  at  which  the  isolume 
they  followed  was  being  depressed  again.  Moore  has  stated  in  literature  that  a  thermocline  will 
often  stop  the  migration  in  tropical  waters.  We  never  saw  this  happen  in  the  Santa  Barbara 
Channel. 

Hersey:  Were  these  inferred  light  levels  or  measured  light  levels? 

Qarke,  W,:  We  were  using  the  six-foot  Isaacs-Kidd  midwater  trawl  with  the  GM-developed  sys¬ 
tem,  and  the  photometer  was  located  in  the  spreader  bar  so  that  light  measurements  were  being 
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made  in  situ  at  depth.  We  were  also  using  a  depth  sensor  that  was  telling  us  where  the  trawl  was 
relative  to  light  level  and  a  temperature  sensor  telling  us  what  the  temperature  was  at  that  point. 
So  all  of  these  were  being  measured  in  situ  at  the  time  that  the  collections  were  being  made. 

Raymont:  Could  I  just  make  a  brief  comment  on  that  remark  about  reversal  of  sign  with  salin- 
ity?  I  seem  to  remember  that  Rose  was  one  of  the  early  workers  who  proposed  salinity,  among 
a  lot  of  other  factors,  causing  a  reversal  of  sign.  But  I  think  that  most  of  the  work  that’s  been 
tried  out  subsequently  hasn’t  borne  a  great  deal  of  fruit  in  this  connection.  I’m  particularly  re¬ 
minded  here  of  Harder’s  work  in  Germany  where  he  had  very  sharp  salinity  gradients.  He  shows 
that  a  number  of  plankton  animals  actually  collect  above  and  below  the  salinity  barriers.  Some 
gather  in  gradients;  others  will  go  through  a  gradient  and  will  then  stay  there.  This  doesn’t  sound 
as  though  you  have  a  reversal  of  sign. 

Hansen:  You  are  perfectly  right  regarding  Rose’s  work.  However,  Joan  Lance  in  1963  did  find 
this  effect  of  the  reversal  of  sign.  As  far  as  Harder’s  work  is  concerned  -  why  I’m  bringing  this  up 
is  that  we’re  not  going  to  have  time  to  discuss  one  of  the  topics  that  I  want  to  bring  up  in  our 
paper  which  concerns  pteropod  vertical  migrations  as  recorded  on  the  depth  sounder-we  have 
an  effect  of  accumulation  of  the  pteropods  on  a  pycnocline  which  gives  a  very,  very  hard  scat¬ 
tering  layer  at  about  50  meters,  and  one  can  see  the  pteropods  come  up  in  vertical  migration, 
hit  the  pycnocline,  and  stick  there.  But  the  pycnocline  scattering  layer  stays  there  day  and  night, 
and  this  will  be  at  equinoctial  times  so  that  we  have  dav  and  night  in  the  Arctic.  There’s  an  ef¬ 
fective  segregation  of  the  population  at  the  pycnocline  because  at  night  you  see  a  component 
come  up  to  the  pycnocline  and  the  pycnocline-thick  scattering  layer  thickens.  A  little  later  you 
see  migration  continuing  uf>  toward  the  surface.  This  then  drops  off  a  bit,  responds  at  dawn,  and 
comes  back  down.  But  the  pycnocline  scattering  layer  remains  present  at  all  times.  Thus  at  all 
times  we  believe  we  have  pteropods  stuck  on  the  pycnocline.  In  his  examination  of  stratified 
water  columns  and  accumulation  of  plankton  under  these  conditions.  Harder  suggested  that  the 
detrital  materiel  had  accumulated  on  density  boundaries  and  that  in  fact  we  had  a  filter  feeding 
response  in  the  plankton  under  these  conditions,  which  would  be  why  they  accumulate  above 
and  below.  Unfortunately  there  doesn’t  seem  to  be  very  strong  evidence  in  the  open  sea  of 
detrital  accumulations  on  interfaces  as  far  as  1  know,  and  we  certainly  have  no  example  of  this 
in  the  Arctic.  Even  though  we  have  a  very  strong  pycnocline,  there  seems  to  be  no  detrital  ac¬ 
cumulation  at  least  from  the  nephalometry.  So  I  think  that  it  is  still  an  open  question  why  one 
gets  accumulations  at  interfaces  other  than  those  due  to  physiological  constraints  of  osmotic 
effects,  or  density,  perhaps. 

Pieper:  I  don't  really  want  to  get  into  this  in  any  great  detail  at  the  moment,  but  I  hope  to 
convince  you  on  Thursday  that  we  are  watching  the  distribution  of  euphausiids  with  high  fre¬ 
quency  echosounders.  Now  if  I  can  convince  you  of  this  fact,  there  are  two  things  that  you 
probably  remember  reading  about  Saanich  Inlet  where  we  are  presently  doing  our  work.  One 
is  that  there  is  a  very  strong  oxycline  at  around  100  meters  during  most  periods  of  the  year,  and 
the  oxycline  is  a  parameter  that  we  can  measure,  which  limits  the  downward  movement  of 
euphausiids  to  around  90  to  100  meters.  Why  are  they  stopping  here?  Experiments  that  have 
been  completed  recently  at  the  University  of  British  Columbia  indicate  that  it  is  not  the  low 
oxygen  that  is  stopping  the  downward  movement  of  the  euphausiids  from  going  right  into  the 
deeper  waters;  if  you  take  surface  water  and  in  some  way  remove  the  oxygen,  they  can  live  in 
this  kind  of  water.  Similarly,  if  you  fake  the  bottom  water  from  Saanich  and  oxygenate  it,  the 
euphausiids  do  not  like  it.  Their  respiration  rates  will  increase  drastically,  and  they  will  die. 

What  I  would  like  to  suggest  is  that  something  like  an  oxycline  or  a  pycnocline  is  probably  more 
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of  an  indication  of  different  water  types,  which  is  somet  hing  that  maybe  the  animals  cannot 
adapt  to  or  something  that  they  do  not  wish  to  go  into,  and  it  is  this  that  is  stopping  the  move¬ 
ment  rather  than  a  density  layer. 

Barham:  I  want  to  mention  a  short  piece  of  work  of  one  of  our  people,  I.  E.  Davies,  on  a  cruise 
just  outside  of  the  Okhotsk  Sea  where  there  was  a  positive  thermocline,  an  extremely  strong  one, 
with  a  layer  of  extremely  cold  water  overlying  warmer  water.  We  had  scatterers  there  that  would 
come  right  up  to  this  barrier  but  would  not  come  through  it;  this  was  observed  for  about  three 
or  four  nights.  Davies  assumed,  and  I  agreed  with  him,  that  it  was  a  thermal  barrier  that  was 
stopping  this  migration.  So  it  can  be  lots  of  things. 

Holm-Hansen:  I  very  much  enjoyed  Bill  Hansen’s  comments  about  the  reversal  of  sign  and  how 
to  get  things  back  down.  I  wish  I  had  some  answers,  but  I  don’t.  I  do  have  some  complicating 
factors.  In  motile  unicellular  algae  Halldal  has  lots  of  evidence  for  reversal  of  sign  by  die 
magnesium/calcium  cation  ratio.  Changing  this  ratio,  he  can  get  them  to  go  either  toward  or 
away  from  the  light.  In  studies  at  Scripps  in  a  70,000  liter  outdoor  tank  (ten  meters  deep  and 
three  meters  wide)  we  also  have  evidence  that  nitrate-deficient  dinoflagellates  will  not  migrate. 
Throw  in  nitrate  and  they’ll  start  migrating  right  to  the  bottom  of  the  tank  at  night  and  on  up 
to  the  surface  in  the  daytime.  It  is  obvious  that  migration  is  a  complicated  affair  and  is  influ¬ 
enced  by  intracellular  physiological  conditions  as  well  as  by  physical  and  chemical  conditions  of 
the  milieu. 

Alexander:  Might  I  be  allowed  to  do  a  little  horizontal  migrating  toward  that  blackboard? 

I  want  to  come  back  if  I  may  to  this  problem  that  Dr.  McCartney  raised  about  the  advantage  or 
otherwise  of  getting  a  swimbladder  nearer  to  an  ear.  I’ve  just  been  thinking  about  the  propor¬ 
tions  of  a  fish.  There’s  a  fish.  There’s  its  swimbladder.  There’s  its  ear.  This  is  a  fish  without 
any  special  connection  between  the  swimbladder  and  the  ear.  If  you  start  off  at  the  center  of 
gravity  of  the  swimbladder,  measure  the  distance  to  the  ear-call  it  x,  measure  the  distance  from 
the  center  of  gravity  of  the  swimbladder  to  the  surface  of  the  swimbladder- that  might  be  just 
about,  taking  a  guess,  0.7x.  If  these  proportions  are  right,  then  in  fact  the  amplitude  at  the  ear 
is  only  going  to  be  a  factor  of  2  less  than  the  amplitude  at  the  surface  of  the  swimbladder,  and 
maybe  these  extensions  of  the  swimbladder  right  to  the  ear  aren’t  really  being  as  helpful  as  they 
look. 

Backus:  Any  comments  on  the  proportions? 

Marshall:  Fd  merely  like  to  suggest  an  experiment.  There  are  two  kinds  of  mackerel;  Scomber 
and  Pneumatophorus,  the  latter  with  a  swimbladder  ( Pneumatophorus ),  the  other  without. 

These  fishes  are  extremely  alike,  and  I’d  like  to  suggest  experiments  on  conditioning  and  hearing 
in  these  species  of  fishes.  And  they  are  fairly  easy  to  keep. 
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live  fish,  their  swim  bladders,  and  rubber  balloons  the  size  and  shapes  of  fish  bladders  have 
been  used  as  targets  in  acoustic  scattering  measurements  made  in  the  frequency  range  400  to 
4,000  Hz.  Our  chief  interest  is  the  frequency  of  resonant  response,  the  Q  of  that  response, 
and  the  strength  of  the  target.  All  fish  were  small  compared  with  the  acoustic  wavelength. 

The  balloon  targets  exhibited  a  fairly  sharp  resonant  response  with  Q' s  as  nigh  as  20,  corres¬ 
ponding  to  a  target  strength  enhancement  of  about  32  dB.  The  resonance  curves  for  the 
scattering  from  fish  were  broader;  Q' s  in  the  range  3  to  3  were  observed.  Results  obtained 
using  a  10.6-cm  anchovy  as  a  target  are  typical:  resonance  frequency,  1,275  Hz;  0,  4.5;  and 
target  strength,  "35  dB  at  1  m.  Results  using  the  gas  bladder  as  a  target  are:  resonance  fre¬ 
quency  1,250  Hz,  Q,  2 1 ;  target  strength,  ”22  dB.  With  the  bladders  completely  deflated  the 
fish  produced  no  measurable  response.  The  values  of  resonance  frequency  determined  acous¬ 
tically  were  used  to  predict  the  volume  of  gas  in  the  fish  bladders  by  applying  the  theoretical 
expression  relating  the  resonant  frequency  to  the  bladder  size.  These  predictions  show  good 
agreement  with  the  measured  gas  volumes.  Comparison  of  the  Q  of  the  whole  fish  with  that 
of  its  bladder  gives  an  estimate  of  the  damping  effect  of  the  fish  tissue  surrounding  the  blad¬ 
der.  Tests  made  in  a  sound-transparent  pressure  chamber  clearly  demonstrate  the  upward 
shift  ;n  resonance  frequency  expected  with  an  increase  in  water  depth. 

INTRODUCTION 

It  seems  well  established  at  present  that  acoustic  volume  scattering,  especially  that  associated 
with  the  stronger  scattering  layers  of  the  deep  ocean,  is  produced  by  resonant  or  near-resonant 
scattering  from  certain  relatively  small  gas-bladder  fishes  and  possibly  by  other  organisms,  such 
as  siphonophores,  which  contain  entrapped  bubbles  of  gas.  The  work  of  Hersey,  Backus,  Chap¬ 
man,  Andreeva,  and  their  associates  in  establishing  this  belief  is  well  known  (1 ,2,3).  Net  hauls  and 
visual  observations  from  deep  submersibles  tend  to  support  this  belief  since  gas-bladder  fishes  of 
appropriate  size  have  been  netted  in  the  layers  and  have  been  sighted  f Vom  submersibles  passing 
through  the  layers  (4,5 ,6).  A  comprehensive  review  and  further  development  of  the  experimental 
and  theoretical  aspects  of  scattering  from  bladder  fishes  has  been  published  recently  by  Weston  (7). 
Thus  a  considerable  body  of  information  regarding  this  interesting  phenomenon  is  available.  As 
far  as  we  know,  however,  there  have  been  few  if  any  tests  of  single  fish  to  give  further  confirma¬ 
tion  to  this  belief  by  determining  the  frequency  of  resonant  scattering,  the  damping  effect,  and 
the  target  strength  of  these  individual  targets.  This  situation  is  understandable  since  the  individual 
fish  is  a  very  poor  target  even  when  the  expected  15-  to  20-dB  enhancement  at  resonance  is  present. 
Thus,  for  example,  resonant  scattering  from  a  near-surface  fish  at  3  kHz  requires  a  bladder  of 
volume  equal  to  that  of  a  sphere  having  a  diameter  of  only  3.5  mm.  Assuming  an  enhancement 
of  18  dB,  the  target  strength  would  be  -43  dB.  Measurement  of  this  target  by  the  usual  methods 
is  difficult  if  not  impossible  under  the  conditions  imposed  by  low  signal  frequency,  long  pulse 
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lengths,  and  high  background  levels.  A  procedure  for  overcoming  this  difficulty  was  described 
in  two  recent  papers  (8,9).  The  present  paper  reviews  the  experimental  procedure  and  test  re¬ 
sults  of  those  papers  and  presents  additional  information  concerning  procedure,  tests  results,  and 
comparison  of  these  results  with  theory.  All  experimental  data  considered  were  obtained  in  the 
Transdec  (10)  calibration  pool  at  the  Naval  Undersea  R&D  Center  using  live  fish,  fish  bladders, 
and  rubber  balloons  as  targets. 

EXPERIMENTAL  PROCEDURE 

The  sketch  in  the  upper-right  corner  of  Figure  1  suggests  the  experimental  procedure.  The 
target-a  balloon  in  this  cxample-is  placed  in  close  proximity  to  a  probe  hydrophone.  The  J-l  1 
source  used  provides  a  continuous  signal  varying  in  frequency  over  the  range  within  which  res¬ 
onance  is  expected.  A  sample  record  showing  the  frequency  response  obtained  with  and  without 
the  balloon  target  is  shown  in  the  lower  part  of  this  figure.  A  sharp  increase  in  pressure  level  is 
seen  near  500  Hz.  This  is  followed  by  a  sharp  decrease  in  level  as  the  incident  and  scattered  pres¬ 
sures  interfere,  reaching  a  minimum  level  at  about  700  Hz.  Small  oscillations  in  the  probe  and 
the  target  response  are  principally  a  result  of  specular  reflections  from  the  water  surface  and  re¬ 
verberations  in  ihe  pool.  If  the  probe  response  alone  (dotted  curve)  is  subtracted  from  the  target 
response  much  of  this  fluctuation  is  eliminated.  The  normalized  curve  that  results  is  shown  in 
Figure  2.  In  the  form  seen  here  the  levels  above  and  below  the  dotted  rererence  line  give  a  direct 
comparison  between  the  measured  and  the  incident  pressure,  here  designated  as  pm  and  pi,  re¬ 
spectively.  Frequency  response  curves  shown  in  later  illustrations  will  also  be  given  in  this 
normalized  form. 


Figure  1.  Experiment*!  procedure  and  sample  record  of  resonant 
scattering  from  an  air -filled  balloon 
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Figure  2.  Normalized  form  of  the  frequency  retponw  of  the 
acoustic  scattering  from  an  air- filled  balloon 


Simple  theory  for  scattering  from  a  spherical  gas-filled  cavity  in  water  is  expressed  by  the  re¬ 
lation  (11), 


where 

B  *  p$  *  scattered  pressure  at  1  cm  from  the  center  of  the  cavity 
A  ■  Pi  *  incident  pressure 
R  •  radius  of  the  gas  cavity  in  centimeters 
/  *  signal  frequency  in  hertz 
fr  *  resonance  frequency 
{  *  damping  constant 

This  relation  is  expressed  diagrams tically  in  Figure  3,  where  pm  is  the  measured  sound  pressure 
and,  as  before,  pt  and  p,  are  the  incident  and  scattered  sound  pressures.  Assumption  of  this 
model  provides  s  means  of  obtaining  the  scattered  pressure  level  from  the  measured  and  incident 
levels.  The  procedure,  stated  briefly,  is  as  follows:  Peak  measured  pressure  ratios  such  as  that 
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Figure  3.  Circle  diagram  illustrating  the  relation¬ 
ship  among  incident,  scattered  and  measured 
pressure  with  change  in  frequency 


at  about  500  Hz,  Figure  2,  determine  the  size  of  the  circle  corresponding  to  a  given  incident 
pressure,  p>.  With  this  relation  established,  the  magnitude  and  phase  of  the  scattered  pressure 
can  be  determined  for  any  given  value  of  pm.  The  points  1^  and  Rs  in  Figure  3  show  the  posi¬ 
tions  where  the  pressures  pm  and  p,  are  at  maximum,  respectively,  and  point  T  is  any  other 
arbitrary  point  on  the  circle. 

TESTS  RESULTS  AND  DISCUSSION 

The  responses  of  gas-bladder  fish  were,  of  course,  the  chief  interest.  In  thcae  tests  a  live  fish 
was  placed  in  close  proximity  to  the  probe  hydrophone,  replacing  the  balloon  pictured  earlier. 
The  target  fish  was  secured  in  &  copper-screen  pocket  with  the  probe  hydrophone  close  to  the 
bladder  position. 

Figure  4  shows  the  frequency  response  curves  obtained  from  two  goldfish,  one  somewhat 
smaller  than  the  other.  Also  drown  in  each  case  is  the  response  of  the  bladder.  The  blsdder  was 
easily  removed  from  the  fuh,  usually  without  loss  of  gas.  The  Madder  response  shows  an  increase 
in  the  Q  of  the  response  and  thus  provides  a  measure  of  the  damping  caused  by  the  fish  tissue.  In 
all  cases  the  bladderless  fish  was  also  tested.  No  discernible  deviations  from  the  zero  reference 
line  resulted,  that  is,  the  presence  of  the  bladderless  fish  was  not  detectable.  Note  also  in  this 
figure  that  the  peak  response  for  the  smaller  fuh  comes  at  a  higher  frequency,  as  is  expected. 

Figure  5  shows  the  response  from  a  live  anchovy  10.6  cm  long  and  from  its  bladder.  Again 
the  bladder  response  shows  a  marked  increase  in  Cover  that  for  the  fish.  In  the  table  Cower  left, 
Fig.  5)  are  listed  the  resonance  frequency,  the  Q,  the  target  strength  enhancement  (12)  over  geo¬ 
metrical  scattering-designated  by  £  and  obtained  from  £  *  10  log  (4C2)~and  the  overall 
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calculated  target  strength,  for  each  target.  The  latter  value  is  for  a  distance  of  1  m.  The  geo¬ 
metrical  scattering  cross  section  used  in  this  last  calculation  was  that  for  a  sphere  having  the  same 
volume  as  the  fish’s  bladder.  Some  error  is  expected  here  because  all  bladders  tested  were  elon¬ 
gated  and  were  usually  bilobar  in  shape. 

Let  us  consider  for  a  moment  the  target  strength  of -35  dB  estimated  for  this  anchovy.  Is  this 
target  strength  consistent  with  the  volume  scattering  strengths  produced  by  a  strong  scattering 
layer?  Assuming  a  volume  scattering  strength  of  -65  dB  (that  is,  the  average  target  strength  of 
each  cubic  meter  of  insonified  water)  and  assuming  incoherent  addition  of  the  individual  echoes, 
it  is  seen  that  the  presence  of  only  one  fish  of  this  size  in  each  1 ,000  m3  of  water  would  be  suffi¬ 
cient  to  produce  the  relatively  high  assumed  value  of  -65  dB. 

While  anchovy  are  not  usually  found  at  depths  greater  than  100  to  200m,  gas-bladder  fbh  of 
a  similar  size  are  observed  in  the  deeper  scattering  layers.  Anchovy,  off  California,  are  observed 
both  in  schools  and  as  more  widely  dispersed  individual  fish.  In  schools  they  may  be  strong 
acoustic  targets  but  the  Mho  level  varies  with  frequency  and  several  other  parameters;  incoherent 
addition  of  individual  target  strengths  is  no  longer  valid  (7). 

The  quality  factors,  Q,  listed  in  Figure  5  can  be  used  to  estimate  the  damping  effect  of  the 
fish  tissue  surrounding  the  bladder.  Following  Weston  (7,  p.  67). 

Q~l  -  Qb~l  +  Qf~l 

where, 

Q~l  •  overall  damping  constant 

Qb~l  •  fiT1  +  Q~l  ■  bladder  damping  constant 

Q~l  *  fish  tissue  damping 

Q~l  ■  radiation  damping 

Qfl  •  thermal  damping 


Substituting  the  tabulated  values. 


JL  JL 

4.5  "  21 


0.1S5 


Of  *  5  .4 

The  latter  value  comperes  favorably  with  that  predicted  from  Andreeva's  work  (7,  p.  7 1).  Values 
of  Gy  obtained  in  a  similar  maimer  for  the  two  goldfish  (Fig.  4)  show  poor  agreement  with  the 
value  predicted  from  Andreeva. 

Frequency  response  curves  of  the  type  mown  in  Figures  4  and  $  were  also  made  at  other  Emu¬ 
lated  water  depths.  Ihem  depths  were  Emulated  by  the  urn  of  the  sound  transparent  pieman 
chamber  (13)  seen  in  Figure  6.  The  probe  hydrophone  and  target  are  placed  in  this  chamber 
which  is  then  doted  and  lowered  to  >he  ussud  test  depth  of  6  m.  The  prsewn  taEde  this  chamber 
can  be  varied  as  desired  up  to  a  masanum  of  600  pEg.  The  probe  hydrophone  used  at  preamt 
limits  the  tests  to  depths  equivalent  to  200  paig.  The  fiberglass  walk  of  thechmnber  veprectkafiy 
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Figure  6.  Sound-transparent  pressure  chambe-  used  in  depth-simulating  tests 


transparent  to  the  acousti.'  signals  used  in  the  K-.ts.  Thus  essentially  the  same  procedure  already 
described  was  used  in  measuring  the  effect  pressure . 

Figure  7  shows  the  results  obtained  when  j  rubber  bal!oo/i  of  1-em  radius  (at  atmospheric 
pressure)  was  used  as  a  target  in  the  pressure  chamber.  The  vertical  scale  is  magnified  compared 
with  that  in  previous  response  curses,  increasing  the  apparent  sharpness  of  the  response.  As 
expected  from  the  theory,  the  resonance  frequency  increases  as  ’he  pressure  is  increased  from 
0  to  TOO  psig.  a  simulated  depth  range  of  about  140  m  Hu*  increase  »n  i  isonance  frequency  is  a 
result  of  the  pressure-induced  decrease  in  radius  as  well  ?%  :«  nc  increase  in  ambient  pressure, 

With  one  exception,  the  level  of  the  peak  response  seen  in  Figure  7  decreases  with  pressure. 
This  may  result  from  the  decrease  in  balloon  si/e  wish  pressure  and  to  an  increase  in  damping 
factor  with  frequency,  an  effect  known  to  exist  in  the  case  of  air  bubbles.  Although  the  Q  of 
the  response  varies  somewhat  in  these  tests  il?  but  two  values  arc  near  14.  At  a  pressure  of  200 
psig  the  radius  has  decreased  to  about  4  mm.  less  than  half  its  original  size.  The  elastic  proper¬ 
ties  of  the  balloon  may  be  quite  different  after  reduction  to  this  tire.  Similar  tests  at  constant 
volume  over  a  wider  range  of  pressures  m\V  help  in  resolving  some  of  these  questions. 

The  pressure  effect  using  fish  as  targets  «•**  also  tested.  Figure  8  shows  the  frequency  res¬ 
ponse  cu.  ves  obtained  when  a  live  goldfish,  and  then  its  bladder,  were  used  as  targets  in  the 
pressure  chamber.  It  is  seen  that  the  peak  response  of  the  bladder  occurs  at  a  higher  frequency 
than  that  for  the  fish,  it  is  believed  that  some  air  w«  lost  from  the  bladder  in  the  dissection 
process.  It  ts  also  possible  that  the  fish  was  piiiiT’y  successful  in  maintaining  the  volume  of  its 
bladder  when  subjected  to  pressure.  The  latter  possibility  scerrn  unlikely  because  little  more 
than  1 5  min.  elapsed  between  succtvive  records  Biologically  this  is  considered  too  diort  a 
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Figure  7.  Tire  variation  in  frequency  reaponta  of  the  acoustic  scattering  front  an  air -filled 
balloon  as  the  ambient  water  pressure  is  increased 


lime  for  an  appreciable  reaction  by  the  fish.  Furthermore,  recent  teat*  in  which  the  chamber 
was  held  at  a  pressure  of  1 50  psig  for  about  1  hour  showed  no  change  in  resonance  frequency 
lor  tire  goldfish  target  used.  The  quality  facior,  Q,  for  the  bladder  response  (Fig.  8)  is  again  in 
the  range  u  to  10,  similar  to  that  for  the  other  goldfish  tested  but  considerably  losrer  than  that 


found  for  the  anchovy  bladder. 

How  well  do  our  experimental  resul  ts  agree  with  those  expected  from  theory?  In  particular 
can  the  volume  of  ihe  Hah  bladder  or  the  balloon  be  predicted  from  a  measurement  of  the 
resonance  frequency  and  vice  versa?  TV  graph  in  f  igure  9  compares  measured  resonance 
frequencies  (on  the  vertical  scab)  with  those  calculated  from  the  relation  derived  by 
Andreeva  (3)  shown  hi  the  lower-right  comer  of  this  figure.  As  shown  by  the  legend,  upper  left, 
•  value  of  p,  *  Hr  dynes/ cm"  was  used  for  the  Ftih  end  the  bladders  while  a  value  of  Uj  *  0 
was  used  for  the  balloons.  The  agreement  is  seen  to  be  quite  good;  all  but  3  of  the  26  cases  fall 
within  the  *150  Hx  limits  given  by  the  dashed  tines  and  20  of  the  points  are  not  more  tbut 
tlOO  Hz  from  perfect  agreement .  The  reduction  In  size  of  the  gat  cavity  because  of  pressure 
was  included  in  the  calculations.  The  term  u  l ,  which  is  the  real  part  of  the  complex  shear 
modulus  of  Oat  tissue,  has  a  vibe,  according  to  measurements  by  Lebedeva  (14),  somewhere  in 
the  range  10s  to  107  dynes/ cm 2 .  The  preamt  results  indicate  that  10*  dynes/ cm2  is  a  better 
value  of  p,  than  either  10*  or  107.  Av*b*  ofS  x  Id5  dynes/ca3  may  be  an  even  better  vriue. 
Gas  volumes  were  not  measured  doser  than  tO.l  cc  and  maasureitmit  of  /  k  oot  precise  at 


tow  values  of  Q.  Improvement  in  the  measurement  techniques  used  may  provide  a  more  precise 
check  on  the  appropriate  value  of  p, . 
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FREQUENCY  kHz 

Figure  8.  The  variaC  jn  in  frequency  response  of  the  rcoustic  scattering 
from  a  goldfish  and  from  its  bladder  as  the  ambient  water  pressure  is 
increased 


CONCLUSIONS 

More  accurate  measurements,  a  more  complete  coverage  of  pressure  effects,  and  the  testing 
of  additional  species  of  fish,  especially  those  inhabiting  deep  scattering  layers,  will  increase  the 
value  of  this  study.  Nevertheless,  it  is  believed  that  the  present  effort  has  done  much  to  clarify 
the  major  problems  concerning  resonant  scattering  from  fish.  The  results  obtained  show,  per¬ 
haps  for  the  first  time,  that: 

1 .  Resonant  scattering  with  Q's  in  the  range  3  to  5  may  be  expected  from  gas-bladder 
fishes. 

2.  Decrease  in  bladder  volume  or  increase  in  water  depth  increases  the  resonance  frequency 
of  scattering  from  the  fish. 

3.  Removal  of  the  bladder  eliminates  the  resonant  response  of  the  fish. 

4.  The  volume  of  gas  in  the  fish  bladder  can  be  predicted  fairly  closely  from  the  resonance 
frequency  and  vice  versa. 

5.  Comparison  of  the  response  of  the  fish  with  that  of  its  bladder  provides  a  means  of 
estimating  the  damping  effect  of  the  fish  tissue. 

6.  Small  fish,  even  when  thinly  distributed,  have  a  target  strength  at  resonance  high 
enough  to  account  for  even  the  highest  observed  scattering  strengths. 
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Figure  9.  Comparison  of  the  measured  resonance  frequency  of  acoustic  scattering 
from  air  balloons,  fish,  and  fish  bladders  with  that  calculated  from  the  volume  of 
the  cavity 
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DISCUSSION 

Van  Schuyler  Do  you  have  any  plans  in  the  future  for  working  with  smaller  organisms  and  at 
higher  frequencies  than  what  you  have  presented  here? 

Batzler  No,  I  have  none. 

Schulkin:  Not  being  a  biologist,  the  question  occurred  to  me  whether  the  Fish  has  air  or  oxygen 
in  its  bladder,  and  whether  you  filled  its  bladder  with  the  same  proportion  of  gas  mixture. 

Batzler  The  bladder  was  not  deflated.  Dr.  Pickwell  removed  the  bladder  intact,  so  its  was  not 
a  matter  of  Filling  the  bladder. 

Schulkin :  Did  you  pierce  the  bladder  and  investigate  the  gas  content  afterwards? 

Pickwell:  Actually,  the  goldfish  swimbladder  and  the  anchovy  swimbladder  have  a  percentage 
of  oxygen  somewhat  exceeding  air,  usually  approximately  30  percent.  We  did  not  exchange  the 
gas  in  the  swimbladder.  We  wanted  to  take  the  swimbladder  out  of  the  fish  with  the  same 
vc'ume  that  it  had  in  the  intact  fish,  so  we  never  purposely  deflated  it.  We  did  analyze  the  gas 
in  a  few  situations  in  these  comparatively  surface-dwelling  Fishes.  The  percentage  of  oxygen  is 
always  very  close  to  30  percent.  I  should  also  emphasize  the  fact  that  in  a  few  carp  that  we  used, 
and  in  the  goldfish,  the  bilobar,  or  dumbbell  shape  of  the  swimbladder,  did  not  seem  to  have 
any  effect  on  the  final  results.  We  measured  the  total  volume  of  gas  in  the  swimbladder  even 
though  the  constriction  between  the  two  lobes  was  in  fact  rather  pronounced.  The  volumes  of 
gas  we  are  dealing  with,  both  in  the  anchovies  and  if:  the  goldfish,  are  very  comparable  to  the 
volumes  of  gas  seen  in  hatch^tfishes,  particularly  of  the  genus  Argyro  pelecus,  which  are 
characteristic  of  the  nonmigratory  scattering  layers  off  San  Diego. 

Alexander  The  goldfish  belongs  to  the  group  of  fish  known  as  the  Ostariophysii,  which  have  a 
swimbladder  that  is  pressurized  and  blown  up  to  1/2  to  1  psi  above  ambient  pressure,  and  the 
swimbladder  wall  is  made  of  rather  inextensible  material.  It  does  not  stretch  nearly  as  easily  as 
the  swimbladder  walls  of  most  other  species.  I  wonder  to  what  extent  t!. c  affected  your  results. 
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Batzler:  No  effect  that  I  know  of.  I  am  sure  that  there  is  some  effect  there.  You  saw  the 
limits  in  which  we  measured  these,  and  although  I  perhaps  belittled  the  ±150  Hz,  I  am  sure 
there  are  effects  that  we  have  not  measured.  1  can  assure  you  that  Dr.  McCartney  has  looked 
at  some  of  these  things  more  closely,  but  I  wonder  if  George  Pickwell  has  a  comment  here. 

Pickwell:  Only  that  in  the  goldfish  with  which  we  dealt,  the  foreward  lobe  of  the  swimbladder 
is  not  veiy  extensible,  as  you  correctly  stated.  The  after  lobe  tends  to  be,  but  in  either  case 
if  the  volume  had  increased,  this  would  have  shifted  the  resonant  peak  in  the  opposite  direction 
from  which  we  actually  saw  it  move,  if  it  deviated  at  all  from  what  the  resonance  had  been  in 
the  intact  fish.  In  the  case  of  the  anchovy,  again  you  are  correct.  The  swimbladder  is  compara¬ 
tively  diaphanous  and  might  be  expected  to  stretch,  but  again,  the  frequency  shifted  in  the 
wrong  direction. 

Alexander:  I  was  wondering  whether  these  swimbladder  walls  of  very  different  properties  led 
to  any  measurable  differences  in  the  values  of  Q  for  the  isolated  bladders  of  the  two  fishes. 

Batzler:  There  certainly  was  a  difference  in  Q  between  the  bladder  and  the  fish,  but  that  is 
not  quite  your  question. 

Alexcnder:  No,  between  the  bladder  of  one  fish  and  the  bladder  of  another. 

Batzler:  Oh  yes.  This  may  be  true.  I  really  feel  that  we  do  not  have  a  big  enough  statistical 
sample  to  be  sure  that  this  is  generally  true,  but  I  see  your  point  much  better,  and  it  is  some¬ 
thing  to  look  for. 
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ABSTRACT 

The  need  for  measurements  of  the  target  strength  of  fish  is  discussed.  The  phenomenon 
of  swimbladder  resonance  of  deep-ocean  fish  is  well  known  and  is  a  useful  means  of  esti¬ 
mating  their  sizes.  For  larger  commercial  fish  in  shallower  seas,  the  resonant  frequency  is 
much  lower  and  resonance  is  very  difficult  to  observe  in  the  field.  A  method  of  observing  and 
measuring  the  swimbladder  resonance  of  a  captive  live  fish  in  controlled  conditions  is  de¬ 
scribed  and  results  on  several  gadoids  are  given.  Reasons  for  the  higher  resonant  frequencies 
than  predicted  are  given,  and  the  damping  of  resonance  is  high,  which  is  expected.  Applica¬ 
tion  of  these  results  to  acoustic  sizing  at  sea  appears  remote.  The  experimental  technique  is 
offered  as  a  useful  tool  in  physiological  studies  involving  swimbladder  function. 

Measurements  at  higher  frequencies  in  the  diffraction  and  geometrical  regions  are  also 
presented,  resulting  in  an  empirical  equation  for  target  strength  as  a  function  of  length  of  the 
fish  and  wavelength.  It  is  believed  that  this  equation  is  useful  for  acoustic  fish  sizing  with  the 
use  of  echo  sounders  at  sea.  The  swimbladder  is  the  major  scatterer  over  the  whole  frequency 
range. 


TARGET-STRENGTH  PROBLEM  AND  PREVIOUS  WORK 

When  sound  energy  is  incident  on  a  fish,  some  energy  is  dissipated  by  absorption  and  the  rest 
is  scattered  in  all  directions.  The  proportion  of  re-radiated  to  incident  intensity  is  dependent 
upon  frequency,  the  incident  and  reflected  angles,  and  the  dimensions  and  mechanical  proper¬ 
ties  of  the  fish  structures.  The  number,  complexity  of  shape,  and  relative  motion  of  these 
structures  in  a  living  fish  make  it  impossible  to  calculate  completely  the  scattered  field;  even  to 
estimate  it  with  much  confidence  is  difficult  because  the  acoustic  impedances  of  the  various 
parts  are  uncertain  and  difficult  to  measure.  Experimental  determinations  of  target  strength  are 
thus  essential.  Over  most  of  the  useful  spectrum,  little  more  than  an  order-of-magnitude  agree¬ 
ment  with  the  scattering  calculated  from  simple  geometrically  shaped  models  can  be  expected. 

Fortunately,  the  number  of  parameters  can  be  reduced  to  make  a  worthwhile  practical  in¬ 
vestigation  manageable.  First,  it  is  the  back-scattered  echo  level  that  is  invariably  of  interest,  and 
re-radiation  in  other  directions  need  not  be  measured.  Second,  echo  sounders  detect  fish  prin¬ 
cipally  at  or  near  dorsal  aspect,  and  here  we  concentrate  on  this  aspect  though  this  emphasis 
does  not  deny  the  need  for  measurements  in  azimuth  at  low  elevations  for  forward  search  and 
scanning  sonar  applications.  Third,  measurements  by  Haslett  (1962b)  on  whiting  Merlangius 
merlangus( L.),  showed  that  the  dimensions  of  the  acoustically  important  components  of  this 
species  can  be  scaled  as  proportions  of  the  fish  length  L,  leading  to  the  useful  idea  (Haslett, 
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1965)  that  the  plot  of  acoustic  backscattering  cross-section  c,  normalized  by  I2,  versus  I/A 
(fish  length/wavelength)  should  be  the  same  for  all  whiting;  in  practice,  this  idea  means  that  the 
range  of  frequencies  covered  with  each  fish  size,  or  vice  versa,  can  be  reduced.  Caution  is 
required  when  absorption  losses  become  significant,  because  these  losses  may  not  scale.  Though 
many  fish  of  other  species  have  similar  proportions  to  whiting,  there  are  also  some  significant 
differences,  even  within  the  gadoid  family,  particularly  in  the  shape  of  the  swimbladder. 

The  results  of  target-strength  measurements  on  dead  fish  in  dorsal  aspect  by  six  authors 
were  plotted  by  Haslett  in  the  normalized  manner  in  Figure  1,  taken  from  Figure  3  of 
Haslett  (1965),  covering  mainly  the  range  4  <  I/A  <  20,  with  some  results  down  to  I/A  =  2 
and  up  to  I/A  =  60.  The  main  feature  of  this  summary  is  the  wide  scatter,  the  extreme  exam¬ 
ple  being  a  factor  of  5  x  103  between  two  results  differing  by  only  20%  in  I/A.  This  result  can¬ 
not  be  explained  by  selective  absorption  or  resonance  phenomenon  but  rather  indicates  that 
scattering  components  from  two  or  more  parts  of  the  fish  are  interfering,  causing  large  variations 
in  re-radiation,  either  at  a  fixed  aspect  as  frequency  is  varied  or  at  a  fixed  frequency  as  aspect  is 
varied.  Variability  in  a/I2  tends  to  be  worse  at  higher  values  of  I/A,  as  each  scattering  compo¬ 
nent  becomes  more  directional.  Maximum  values  of  o/I2  increase  with  I/A,  which  is  another 
indication  of  directivity.  Values  of  a/I2  for  smaller  fish  at  high  frequencies  tend  to  be  lower 
than  the  values  of  o/I2  from  larger  fish  at  lower  frequencies  having  the  same  value  of  I/A;  this 
finding  might  indicate  that  increased  absorption  looses  at  the  higher  frequencies  are  becoming 
significant,  in  wliich  case  the  sound  may  not  be  penetrating  the  fish  flesh  to  reach  other  major 
scatterers,  such  as  the  swimbladder  and  the  backbone;  alternatively,  different  experimental  con¬ 
ditions  make  absolute  comparisons  difficult. 

NEED  FOR  TARGET-STRENGTH  DATA 

It  would  be  desirable  for  acoustic  systems  to  obtain  information  on  the  presence,  position, 
quantity,  size,  and  species  of  fish  in  the  sea.  A  knowledge  of  the  acoustic  backscattering  cross- 
section  area  of  fish  is  required: 

1 .  For  the  detectability  specification  of  fishing  sonars  and  echo  sounders. 

2.  For  the  size  determinations  necessary  for  stock  estimation. 

3.  For  classification  of  species  by  their  echo  properties. 

Detectability 

From  Figure  1 ,  for  sounders  operating  within  4  <  I/A  <  20,  the  minimum  detectable  target 
to  aim  for  at  maximum  range  may  be  specified  as  a=  10-4I2,  though  to  achieve  o  =  10-3I2 
would  be  worthwhile. 

Sizing 

Cushing  (1968)  has  obtained  a  statistical  estimate  of  fish  population  by  converting  target 
strengths  observed  at  sea  at  a  fixed  frequency  into  the  corresponding  distribution  of  fish  sizes. 
For  this  purpose,  the  most  convenient  form  of  representing  the  data  is  an  empirical  equation 
relating  target  strength  T  to  I  and  A;  T  is  defined  by 

f=  101ogjo  (o/4»r).  (1) 

This  representation  has  been  done  in  the  section  on  Measurements  at  Higher  Frequencies  with 
our  own  data  and  that  from  Figure  1,  in  a  manner  similar  to  that  used  by  Love  (1969)  for  the 
maximum  side-aspect  target  strength. 
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Figure  1.  Normalized  backscattering  cross  section  crjLi  of  fish  in  dorsal  aspect.  Results 
from  six  observers,  taken  from  Figure  3  of  Haslett,  1965. 


It  is  now  widely  accepted  (Andreeva,  1964;  Chapman  and  Marshall,  1966;  Hersey  and 
Backus,  1954;  Weston,  1967)  that  the  peaks  in  the  volume  scattering  coefficient  spectra  of 
many  sonic  scattering  layers  in  the  deep  ocean  result  from  the  resonances  of  fish  swimbladders. 
Because  the  resonant  frequency  is  a  function  of  the  swimbladder  volume  and  this  volume  in 
turn  is  directly  related  to  the  size  of  the  fish,  measurement  of  the  resonant  frequency  is  an 
attractive  direct  method  of  fish  sizing,  being  independent  of  equipment  gain  levels  and  fish 
aspect. 

Resonance  occurs  because,  like  a  gas  bubble,  the  swimbladder  is  a  compliance  whose  acoustic 
loading  at  long  wavelengths  is  predominantly  the  inertia  of  the  surrounding  water.  For  a  bubble 
of  radius  a,  the  resonant  frequency  f0  is  given  by  Minnaert’s  formula  (Weston,  1967). 


where  y  is  the  ratio  of  specific  heats  for  the  gas  .  P  is  the  absolute  static  pressure,  and  p  is  the 
water  density. 
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For  deep  scattering  layers  between  100*  and  1000-m  depth,  resonant  frequencies  occur  be¬ 
tween  3  and  20  kHz  (Andreeva,  1964)  and  it  is  estimated  that  the  fish  responsible  are  between 
10  and  1  cm  in  length.  If  the  sizes  of  such  small  fish  can  be  estimated  at  1000-m  depth,  it  seems 
reasonable  to  enquire  whether  the  sizes  of  larger  fish  of  commercial  interest  found  at  the  shal¬ 
lower  shelf  depths  may  also  be  determined  acoustically.  For  fish  of  length  between  1  m  and 
10  cm,  resonant  frequencies  are  expected  to  fall  in  the  range  100  Hz  to  1  kHz.  After  some  ex¬ 
periments  (McCartney,  1967;  McCartney,  Stubbs,  and  Tucker,  1965)  with  wide-band  sources  on 
fish  shoals  located  at  sea,  it  was  realized  that  not  enough  was  known  about  the  effects  of  acous¬ 
tic  interaction  between  fish  within  the  shoal,  so  that  the  aggregated  scattering  from  the  shoal  did 
not  necessarily  have  the  same  spectral  form  as  did  that  from  a  single  fish;  and  this  form  itself  was 
insufficiently  well  known.  This  situation  contrasts  with  the  case  of  the  deep  scattering  layers,  in 
which  the  packing  density  is  too  small  for  interaction  to  be  troublesome,  and  where  at  long 
wavelengths,  the  individual  scatterer  may  be  represented  fairly  well  by  a  moderately  damped, 
spherical  gas  bubble.  In  the  following  sections  on  swimbladder  resonance  measurements,  we 
have  determined  experimentally,  for  single  live  fish  in  controlled  conditions,  the  relationship 
between  length,  depth,  and  resonant  frequency  and  the  damping  of  resonance.  It  should  be 
noted  that  the  work  complements  theoretical  studies  by  Weston  (1967)  and  Andreeva  (1964), 
who  predict  large  damping  for  resonance  at  shallow  depths. 

Classification 

The  echo  sounder  has  been  used  by  the  fishing  industry  for  30  years  to  detect  fish,  and  re¬ 
ports  (Balls,  1947;  Hodgson,  1950)  of  fishermen  able  to  identify  successfully  many  of  the  echo 
traces  are  too  numerous  to  be  dismissed.  In  addition  to  their  echo  sounder  information,  the 
fishermen  are  undoubtedly  using  local  knowledge  of  the  grounds  and  past  experience  of  catches. 

It  is  not  easy  to  assess  the  relative  contributions  of  the  acoustic  data  and  fishing  knowledge  to 
classification.  The  need  to  spend  perhaps  10  months  each  year  on  commercial  fishing  vessels 
extracting  subjective  information  from  busy  skippers  without  getting  in  the  way  is  a  daunting 
prospect.  It  is  therefore  not  too  surprising  that  there  does  not  appear  to  have  been  any  scientific 
investigation  of  these  abilities,  possibly  leading  to  changes  of  echo-sounder  design  for  improved 
classification. 

The  few  attempts  (Berktay,  Dunn,  and  Gazey,  1968;  La  Fond,  1965;  Tucker  and  Bamickle, 
1969)  to  create  acoustic  classification  systems  have  employed  wide  bandwidths  to  obtain  echo 
spectra  expected  to  be  characteristic  of  the  target,  but  results  with  these  are  too  sparse  to  be  as¬ 
sessed  at  the  present  time. 

SWIMBLADDER  RESONANCE  EXPERIMENTS 

The  conventional  method  of  measuring  tarjet  strength  is  to  transmit  a  pulse,  several  cycles 
long  and  of  known  intensity,  and  to  measure  the  range  and  amplitude  of  the  returned  echo,  which 
is  separated  in  time  from  the  transmission  pulse.  When  this  procedure  is  attempted  with  small 
scatterers  at  very  low  frequencies,  difficulties  arise  because  the  pulae,  being  several  cycles  long 
and  therefore  several  wavelengths  long,  is  still  being  transmitted  when  tire  received  echo  is  re¬ 
turned,  unless  the  fish  is  at  a  great  range.  In  the  latter  case,  the  signal  level  may  be  so  low  that 
detection  is  poor  against  the  background  noise,  which  usually  is  high  at  low  frequencies.  A 
short,  impulsive  wideband  source  would  be  attractive,  allowing  determination  of  the  spectral  re¬ 
sponse  in  one  pulse,  but  all  sufficiently  energetic  sources  available  to  date  in  this  frequency  band 
have  rather  large,  long,  and  unreliable  tails,  so  that  the  same  objection  as  for  the  monofrequency 
pulse  applies. 
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Objects  smaller  than  a  wavelength  may  be  considered  to  consist  of  connected  lumped  param¬ 
eters  such  as  masses,  compliances,  and  loss  resistances;  and  if  the  complex  mechanical  impedance 
of  an  object  is  known,  then  the  target  strength  at  low  frequencies  can  in  principle  be  estimated. 
Several  techniques  (Hund  and  Kuttruff,  1962)  using  enclosed  volumes  or  tubes  are  available  for 
the  measurement  of  complex  acoustic  compliance,  but  the  technique  we  have  adopted  is  a  free- 
field  method  in  which  corrections  for  a  chamber  are  not  required  and  so  that  plane  incident 
waves  can  be  used. 
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Figure  2.  C.W.  experiment  from  F.R.S.  Mura,  moored  in  Loch  Torrkhxt 

The  method  shown  in  Figure  2  was  employed  from  F.R.S.  Man,  moored  in  Loch  Torridon 
and  operating  as  nearly  as  possible  as  a  “silent*’  ship.  The  basic  principle  is  to  measure  the  acous¬ 
tic  waveform  at  some  distance  from  a  wideband  sound  source  with  a  hydrophone  close  by  the 
fish  and  then  to  repeat  the  measurement  after  removing  the  fish.  After  cootfdersble  difficulty 
with  the  technique  in  1967,  with  the  use  of  pulses  from  s  pneumatic  sound  source  and  with  om¬ 
nidirectional  spherical  hydrophones,  a  more  successful  arrangement  was  found  in  1968  with  a 
CW  source  (a  J 1 1  underwater  loudspeaker)  and  with  a  ceramic  ring  hydrophone  10  cm  in  diame¬ 
ter,  inode  which  the  fiah  is  centrally  placed.  The  signal  from  a  B.F.O.,  sweeping  from  20  Hz  to 
20  kHz,  is  amplified  and  fed  to  the  loudspeaker.  The  amplitude  of  the  received  hydrophone  sig¬ 
nal  |vj  is  recorded  on  an  ink-pen  recorder  whose  paper  drive  is  synchronized  mechanically  to  the 
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For  deep  scattering  layers  between  100- and  1000-m  depth,  resonant  frequencies  occur  be¬ 
tween  3  and  20  kHz  (Andreeva,  1964)  and  it  is  estimated  that  the  fish  responsible  are  between 
10  and  1  cm  in  length.  If  the  sizes  of  such  small  fish  can  be  estimated  at  1000-m  depth,  it  seems 
reasonable  to  enquire  whether  the  sizes  of  larger  fish  of  commercial  interest  found  at  the  shal¬ 
lower  shelf  depths  may  also  be  determined  acoustically.  For  fish  of  length  between  1  m  and 
10  cm,  resonant  frequencies  are  expected  to  fall  in  the  range  100  Hz  to  1  kHz.  After  some  ex¬ 
periments  (McCartney,  1967;  McCartney,  Stubbs,  and  Tucker,  1965)  with  wide-band  sources  on 
fish  shoals  located  at  sea,  it  was  realized  that  not  enough  was  known  about  the  effects  of  acous¬ 
tic  interaction  between  fish  within  the  shoal,  so  that  the  aggregated  scattering  from  the  shoal  did 
not  necessarily  have  the  same  spectral  form  as  did  that  from  a  single  fish;  and  this  form  itself  was 
insufficiently  well  known.  This  situation  contrasts  with  the  case  of  the  deep  scattering  layers,  in 
which  the  packing  density  is  too  small  for  interaction  to  be  troublesome,  and  where  at  long 
wavelengths,  the  individual  scatterer  may  be  represented  fairly  well  by  a  moderately  damped, 
spherical  gas  bubble.  In  the  following  sections  on  swimbladder  resonance  measurements,  we 
have  determined  experimentally,  for  single  live  fish  in  controlled  conditions,  the  relationship 
between  length,  depth,  and  resonant  frequency  and  the  damping  of  resonance.  It  should  be 
noted  that  the  work  complements  theoretical  studies  fcy  Weston  (1967)  .tnd  Andreeva  (1964), 
who  predict  large  damping  for  resonance  at  shallow  depths. 

Classification 

The  echo  sounder  has  been  used  by  the  fishing  industry  for  30  years  to  detect  fish,  and  re¬ 
ports  (Balls,  1947;  Hodgson,  1950)  of  fishermen  able  to  identify  successfully  many  of  the  echo 
traces  are  too  numerous  to  be  dismissed.  In  addition  to  their  echo  sounder  information,  the 
fishermen  are  undoubtedly  using  local  knowledge  of  the  grounds  and  past  experience  of  catches. 

It  is  not  easy  to  assess  the  relative  contributions  of  the  acoustic  data  and  fishing  knowledge  to 
classification.  The  need  to  spend  perhaps  10  montlis  each  year  on  commerda)  fishing  vessels 
extracting  subjective  information  from  busy  skippers  without  getting  in  the  way  is  a  daunting 
prospect.  It  is  therefore  not  too  surprising  that  there  does  not  appear  to  have  been  any  scientific 
investigation  of  these  abilities,  possibly  leading  to  changes  of  echo-sounder  design  for  improved 
dassification. 

The  few  attempts  (Berktay,  Dunn,  and  Gazey,  1968;  La  Fond,  1965;  Tucker  and  Bamidde, 
1969)  to  create  acoustic  dassification  systems  have  employed  wide  bandwidths  to  obtain  echo 
spectra  expected  to  be  characteristic  of  the  target,  but  results  with  these  are  too  sparse  to  be  as¬ 
sessed  at  the  present  time. 

SWIMBLADDER  RESONANCE  EXPERIMENTS 

The  conventional  method  of  measuring  target  strength  is  to  tranatnit  a  pulse,  several  cydcs 
long  and  of  known  intendty.  and  to  measure  the  range  and  amplitude  of  the  returned  echo,  which 
is  separated  in  time  from  the  transmission  pulse.  When  this  procedure  is  attempted  with  small 
•catterers  at  very  low  frequencies,  difficulties  arise  because  the  pulse,  being  several  cydet  long 
and  therefore  several  wavelengths  long,  is  still  being  transmitted  when  the  received  echo  is  re¬ 
turned,  unless  the  fiah  is  at  a  great  range.  In  the  Utter  caae,  the  signal  level  may  be  so  low  that 
detection  U  poor  against  the  background  noise,  which  usually  is  high  at  low  frequencies.  A 
short,  impulsive  wideband  source  would  be  attractive,  allowing  determination  of  the  spectral  re¬ 
sponse  in  one  pulse,  but  all  sufficiently  energetic  sources  available  to  date  in  this  frequency  band 
hive  rather  Urge,  long,  and  unreliable  tads,  so  that  the  tame  objection  as  for  the  monofrequency 
pulse  applies. 
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B.F.O.  The  second  ring  hydrophone,  1  m  away,  is  used  to  monitor  the  source  level  transmitted, 
while  the  output  of  thi  first  is  recorded  with  and  without  a  fish  present  in  the  cage.  This  cage, 
made  from  moulded  plastic  mesh  Nction,  was  found  to  be  better  than  a  polythene  bag,  used  in 
some  of  the  earlier  experiments;  the  fish  could  be  inserted  easily  into  the  cage  and  its  movement 
could  be  restricted,  yet  water  could  flow  to  aHow  respiration,  and  it  did  not  trap  air  bubble*. 
The  acoustic  interference  from  the  cage  was  negligible  below  5  kHz.  By  definition, 


o 


4nR2  p) 


(3) 


where  pt  is  the  scattered  pressure  at  a  distance  R  from  the  fish  and  p.  is  the  pressure  incident  on 
the  fish.  With  the  geometry  of  this  experiment,  R  =  5  cm,pi  is  a  plane  wave  incident  “edge  on” 
to  the  ring  hydrophone,  with  sensitivity  Sp,  while  pt  is  a  wave  spreading  spherically  from  the 
centre  of  the  ring,  whose  sensitivity  in  this  case  is  5f;  the  relationship  between  Sp  and£(  is  fre¬ 
quency  dependent  in  the  band  of  interest  (Appendix  1  and  Fig.  16).  Using  subscript  1  when  the 
fish  is  present  and  2  when  absent,  we  have  the  hydrophone  voltages 

V,  =  Sp*  Pi  +  Sg-  pg  (4) 


*  Sp  ■  Pi 


Combining  (3),  (4),  and  (5), 


o  ■  4*#?1 


(v,  -  v,)* 

- a - 

V|* 


(5) 


(6) 


v«  and  v2  are  both  vectors,  but  because  they  are  not  svjlable  simultaneously,  subtraction  is  im¬ 
possible  from  records  of  lv} land  (vji  unless  phase  differences  ace  known.  One  possibility  is  to 
assume  that  the  monitor  hydrophone  voltage  approximates  v2 ,  because  it  is  some  way  from  the 
scatterer,  and  then  use  a  phase  meter  at  fixed  frequencies  sequentially.  This  method  was  em¬ 
ployed  once,  but  a  more  convenient  method  is  available  because  5, ►  Sp  sod  hence,  particularly 
around  resonance,  |v,|w|v*|,  to  that  raprdhn  of  phase,  (v,  -  v,)f  ~  (v,K  and  we  can  write, 
from  ( 1 )  and  (6), 


T  =»  20  log,o 


4-  20  log)  o 


(7) 


The  second  term  is  obtained  directly  from  the  level  recording  and  the  flat  is  a  calibration 
factor.  In  practice,  a  reasonable  approximation  results  if  2Olog,0  fr|/v2J  exceeds  10  dfi.  Then 
the  phase  an^es  are  such  that  below  resonance,  T  is  ovetesUms^d  by  less  than  1.8dB;st  reso¬ 
nance,  T  is  overestimated  by  le«  than  0.4  dti;  and  above  resonance,  T  k  underestimated  by  less 
than  1  3  dfi.  Mott  of  the  results  here  ere  uoceUb  rated  plots,  bat  they  do  give  resonant  frequency 
and  damping  with  acceptable  error  in  most  cases.  Calibrated  plus  tie  mdoded  in  the  summary, 
Figure  1 1 ,  for  three  fish. 
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Cod,  Udus  morhun  (l  ),  nag,  Molva  molva  (L.);  pollack,  Pollachius  pollackius  (L.);  and  coal- 
Hs'fi  {or  saithe),  Po'aachius  virens  (L  )  were  caught  on  hand  lines  and  then  either  brought  to  the 
surface  or  removed  from  the  hook  at  depth  by  divers  and  placed  directly  into  the  keep  cage  at 
30  m.  The  latter  method  is  the  more  satisfactory  because  there  is  a  much  reduced  chance  of 
damage  to  the  swimbladder.  A*  the  end  of  the  experiment,  three  fish  were  brought  to  the  sur¬ 
face,  killed,  measured,  and  the  swimbladder  was  examined;  two  fish  were  dissected  in  situ  at 
30  m,  three  fish  -scaped  during  handling,  and  one  was  kept  alive  indefinitely.  An  experiment 
with  herring,  Clupeti  harengus  (L.),  caught  in  a  drift  net  failed  because  of  the  poor  condition  of 
the  fish,  which  died  during  the  experiment. 

RESULTS  OF  RESONANCE  MEASUREMENTS 

The  results  for  three  cod,  plotting  20  log  Ivj/y2  ( versus  frequency,  are  shown  in  Figure  3.  The 
main  feature  of  these  results,  in  which  resonance  is  clearly  demonstrated,  is  that  the  35 -cm  cod 
has  a  lower  resonance  than  does  the  32-cm  cod  but  that  the  resonance  of  the  39-cm  cod,  which 
would  be  expected  to  be  even  lower,  tell  in  between  the  two;  this  fish  was  later  found  to  have  a 
ruptured  swimbladder,  which  fact  might  explain  the  greater  losses  and  the  higher  resonance  be¬ 
cause  of  lost  gas. 

Figure  4  shows  how  the  resonant  frequency  of  the  32-cm  cod  increased  by  50%  with  time, 
reaching  a  stable  value  (which  wps  then  held  ovsmii^st),  and  shows  the  corresponding  estimated 
change  in  swimbladder  volume  estimated  from  Equation  2.  This  change  could  result  from  slow 
loss  of  gas  from  a  ruptured  blsdder  or,  more  speculatively,  perhaps  could  have  occurred  because 
the  fish  was  absorbing  oxygen  from  its  swimbladder  during  the  period  up  to  19.00  hours,  after 
which  the  residuai  gs?  was  mainly  nitrogen.  This  experiment  was  one  of  the  earliest  made  with 
a  polythene  bag  pierced  by  several  small  holes,  which  may  h*vc  been  insufficient  to  allow  ade¬ 
quate  water  flow  for  respiration.  The  estimate  of  volume  is  not  too  accurate  because  of  uncer¬ 
tainties  about  the  ef%ts  of  tissue  elasticity  and  drape,  discussed  further  below. 

The  results  of  Figure  5  were  obtained  from  the  largest  fish  used,  which  was  a  55-cm  ling,  and 
show  the  resonance  at  500  Hz  with,  in  this  case,  s  small  decrease  in  frequency  overnight. 

The  results  fora  35-cm  pollack  (Fig.  shows  an  increase  in  resonant  frequency  and  in  Q,  or  de¬ 
crease  in  damping,  as  the  fish  is  placed  deeper.  A  further,  large  increase  in  Q  is  shown  after  the 
fish  is  killed  in  situ  and  the  gut  below  the  swimbladder  is  removed,  leaving  the  swimbladder  in¬ 
tart,  Because  the  Q  doubled  when  the  gut  was  removed,  it  follows  that  half  the  damping  pnoi- 
oudy  resulted  from  the  viscous  losses  within  the  gut.  The  accuracy  in  resonant  frequency  is  not 
good  enough  to  imply  reduced  mass  loading  on  the  swimbladder  when  the  gut  is  replaced  by  the 
less  dense  water. 

The  results  in  Figure  7,  for  saithe  or  coal  fish,  again  indicate  increased  damping  when  the 
swimbladder  is  burst,  and  a  slightly  higher  resonant  frequency.  When  the  fish  with  an  intact 
swimbladder  is  raised  from  30  to  20  m  and  then  to  10  m  quickly  enough  to  prevent  gas  resorption 
at  the  new  static  pressures,  the  resonant  frequency  drops  and  the  damping  becomes  larger, 
suggesting  that  losses  within  extended  tissue  are  responsible. 

The  presence  of  the  fish  with  a  iwimbUdder  effectively  alters  the  sensitivity  of  the  hydro¬ 
phone  to  incident  acoustic  waves,  converting  plane  waves  to  spherical  waves,  especially  at  reso¬ 
nance.  In  Figure  8,  the  ambient  noise  level  recordings  in  one-third  octave  bands  with  and  with¬ 
out  the  pollack  are  dtown.  the  reduction  in  senat.rity  at  the  ring  resonance  at  6  kHz  is  evident, 
and  the  increase  between  450  and  2000  Hz,  peaking  at  the  resonance  around  800  Hz,  results 
from  the  resonance  of  the  pollack. 

A  third  method  of  demonstrating  swimbladder  resonance  is  ilustrated  by  Figure  9.  It  shows 
the  waveform  obtained  30  m  below  an  air-gun  sound  source  with  a  ring  hydrophone.  The  lower 
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Figure  7.  Resonance  curves  for  coalfish 


Figure  8.  Ambient  noise-level  recordings  in  one-third  octave  bands  with  the  ring  hydrophone, 
at  30  m-  Upper  record:  without  fish.  Lower  record:  with  a  pollack  inside  the  ring. 
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Figure  9.  Voltage  waveforms  from  the  ring 
hydrophone  30  m  below  the  air  gun,  a 
pneumatic  sound  source,  (a)  with  ling  inside 
the  ring,  (b)  without  fish 
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trace.  b,  i .  the  absence  of  the  fish  and  show*  that  the  air-gun  waveform  is  essentially  one  cycle 
at  400  Hz,  preceded  by  a  small  pre-pulse.  The  high- frequency  wavefor; » superposed  results  from 
the  high  sensitivity  of  the  ring  hydrophone  r  Its  resonant  frequency  around  6  kHz  The  upper 
trace,  a,  shows  that  the  high-frequency  ring  resonance  is  suppressed  because  of  the  pressure- 
release  effect  of  the  swimbladder  above  resonance.  The  waveform  is  mainly  a  heavily  damped 
pulse  at  500  Hz,  the  resonance  of  the  Ling  swimbta  cider.  Spectrum  analyses  of  these  waveforms, 
followed  by  division  of  each  harmonic  level  of  a  by  the  level  of  the  same  harmonic  of  b,  yields 
the  same  spectral  shape  of  |  Vj/vj  j  as  the  CW  technique. 

DISCUSSION  OF  RESONANCE  EXPERIMENTS 

The  measured  values  of  the  resonant  frequencies  (Table  1)  of  all  the  fish  are  higher  than 
one  would  expect  on  the  basis  of  representing  a  fish  swimbladder  by  a  spherical  bubble  of  the 
same  volume  required  to  give  the  fish  neutral  buoyancy.  For  a  marine  fish,  the  radius  of 
such  a  bubble  would  be(Haslett,  3962b) 

a  =  0.043  L.  (8) 

From  equations  2  and  8,  using  y  =  1.40  (oxygen)  and  p  =  1.08  gm/cc  (Alexander,  1966),  for 
fish  flesh,  which  has  greater  influence  titan  the  water  because  of  its  proximity,  we  have 

fr  =  23.0  V  +  10'X  (j),  (9) 

where  fr,  is  in  hertz,  L  in  metres  and  is  the  depth  of  the  fish  in  metres.  Thus,  for 
Df  =  30  m,/^  =  145.  Observed  values  are  40%  to  100%  higher.  The  validity  of  (8)  for 
these  fish  is  not  known.  Also,  the  swimbladder  may  not  be  fully  inflated,  or  it  may  be  under 
tension,  or  the  effect  of  shape  may  be  more  than  predicted.  These  uncertainties  pointed  to 
the  need  for  some  control  experiments  with  artificial  targets,  and  for  this  purpose,  slightly 
inflated  toy  balloons  were  stretched  to  approximate  prolate  spheroids. 

The  results  for  a  constant  volume  balloon  at  four  values  of  length-to-diameter  ratio  e  are 
given  in  Figure  10a.  The  proportional  increase  in  resonance,  which  ii  now  at  a  high  Q  of 
around  10  because  of  reduced  tissue  losses,  is  plotted  in  Figure  10b  as  a  function  of  e. 

Though  they  are  not  exactly  prolate  spheroids,  the  agreement  with  Weston’s  calculations 
(Weston,  1967)  is  quite  close.  The  curve  in  Figure  10a  labelled  o  is  the  acoustic  back-scatter¬ 
ing  cross  section  after  sensitivity  corrections  have  been  applied  for  the  nearly  spherical  balloon 
of  radius  1 .9  cm  at  30  m.  The  resonant  scattering  cross  section  is  very  close  to  the  theoreti¬ 
cal  value  for  a  bubble  of  this  size  with  a  Q  of  10.  The  balloon  experiments  confirm  that  the 
experimental  technique  is  valid  and  that  the  high  resonant  frequencies  of  fish  are  genuine 
and,  moreover,  for  the  typical  length-to-diametei  ratios  of  fish  swimbladders  (Table  1),  it  is 
clear  that  elongation  can  account  for  only  20%  to  30%  of  the  increase  in  ffL. 

Unfortunately,  detailed  measurements  of  the  swimbladder  sizes  and  shapes  at  the  surface 
are  available  for  only  two  of  the  intact  fish,  coalfish  A  and  the  pollack;  it  is  most  significant 
that  these  swimbladder  volumes  at  the  surface,  calculated  from  the  measured  dimensions,  are 
less  than  the  nominal  neutral  buoyancy  volume  4,1  X  10~4  L?  which  is  based  upon  the  dimen¬ 
sions  of  whiting  (Haslett,  1962b)  and  the  average  specific  gravity  of  fish  flesh.  The  divers  reported 
on  several  occasions  that  fish  appeared  to  be  “heavy”  at  30  m  depth,  where  the  swimbladder 
volumes  must  have  been  even  lower. 
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TABLE  I 


FISH 

Coai- 

fish 

A 

- - 

"oaF 

Hsh 

D 

Ling 

Cod 

A 

Pollack 

Length  (cm) 

29.5 

32 

30 

55 

32 

r  -  — —  ■  - 

39 

35 

35 

Handling  procedure 

A 

A 

B 

A 

A 

C 

A 

D 

Swimbladder  condition 

I 

D 

iVo 

?  E 

I 

?  E 

R30 

?  E 

I 

Swimbladder  length  (cm) 

8.9 

10.4 

- 

- 

- 

- 

- 

14.5 

Aspect  ratio  at  surface 

6.4 

10.0* 

- 

- 

- 

- 

- 

8.5 

Aspect  ratio  at  30  m 

8.2 

- 

- 

- 

- 

- 

- 

12.0 

Measured  volume  at 
surface  (ml) 

10.1 

8.0# 

— 

— 

_ 

— 

— 

11.0 

Estimated  volume  of 
swimbladder  at  30  m  (ml) 

4.6 

_ 

_ 

17+ 

5.9+ 

14.7+ 

5.5 

F^  =  4.1  x  10 -*L3  (ml) 

10  5 

13.4 

11.1 

68.2 

13.4 

24.3 

17.6 

17.6 

fr  at  10  m  (Hz) 

660 

— 

- 

- 

— 

- 

400 

- 

at  20  m 

830 

- 

_ 

400 

— 

550 

470 

- 

at  30  m 

950 

1000 

800 

500 

910 

700 

560 

766 

at  40  m 

- 

- 

- 

- 

- 

- 

— 

921 

at  55  m 

- 

- 

- 

- 

- 

— 

1120 

Dj  (±2  m  of  water) 

15 

- 

- 

2 

- 

1 

8-15 

2 

Q  at  30  m 

2.5 

~1 

~1 

2.5 

3.5 

1.8 

2.0 

-1 

frL  «t  30  m  (Hz  m) 

280 

320 

240 

275 

290 

270 

200 

270 

/  at  30  m,  calculated 
from  equation  (10) 

898 

- 

- 

- 

- 

- 

791 

Note:  Handling  Procedures: 


A-Fish  removed  from  hook  at  surface,  transported  across  Loch  to  ship  at  surface  pressure  in  tank,  lowered 
to  working  depth  in  stages  and  allowed  time  to  equilibrate.  After  experiment,  rai;  ed  to  surface  for  examina¬ 
tion  (or  escape !). 

B-Fish  removed  from  hook  at  depth,  transported  across  Loch  at  working  depth  to  site. 

C-  As  A,  but  examined  in  situ  at  30  m. 

D-As  B,  but  examined  in  situ  at  30  m. 

E-Escaped. 

I-Intact. 

Rq- Ruptured  at  surface. 

R^q- Ruptured  at  30  m. 

•-High  because  of  rupture. 

#-Low  because  of  rupture, 
t -Calculated  from  equation  (10)  using  measured  ff. 


10.  (a)  resonance  curves  of  constant  volume  balloon  at  various  elongations,  together  with  the  calibrated  target  strength  and  <r  of  the 
spherical  balloon,  (b)  ratio  of  the  resonant  frequency  of  an  elongated  balloon  to  that  of  a  spherical  balloon  having  the  same  volume, 
rimental,  - theoretical  ratio  for  prolate  spheroid  (Weston  1 967) 
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an  sncreaw  it.  uwtv.  dsmpv.'g  TV  rru  '*  ■'  ’end  *  mcrrae  the  resonant  frequency  ird 
together  may  be  represented  b>  an  excm  internal  pressure,  equivalent  to  Dj  meters  of  water 
pressure,  which  will  depend  •->n  the  elasticity  of  the  jwtnbladder,  the  mass  of  gas  and  the  un¬ 
extended  size  of  the  bladder  The  apparent  values  of  Dj  were  obtained  for  five  fish  (Table  1), 
and  for  the  balloon  as  foil.  ws.  Changes  in  resonant  frequency  of  a  constant  mass  of  gas  have  a 
5/6th  power  law  dependence  on  absolute  pressure,  so  that  a  plot  of  /ri  J  against  depth  should 
be  a  straight  line  (Weston,  1967),  if  Dj  is  constant.  The  results  for  a  balloon  and  a  coalfish  are 
shown  in  Figure  1 L  The  ex 'ess  pressure  in  the  balloon  is  very  small;  this  fact  was  confirmed  by 
a  manometer  measurement.  For  the  coalfish,  the  straight  line  may  be  fortuitous  since  the  accuracy 
of  fr  is  poor  when  measured  from  plots  of  logjgjvj/Vj  j ;  accuracy  can  be  improved  by  manually 
tuning  for  the  resonant  peak  using  a  voltmeter  for  Vj ,  and  a  frequency  meter  connected  to  the 
B.F.O.  For  the  ruptured  cod  B,  Dj  was  very  small  as  would  be  expected ;  for  cod  C  the  plot  was 
not  linear  and  it  is  estimated  that  Dj  -  8  m  at  Dj  =  30  m  and  Dj  =  1 5  m  at  =  10  m.  The 
value  of  Dt  for  the  ling  is  not  accurate  as  frequencies  at  only  two  depths  were  available;  but  for 
the  pollack,  frequencies  at  greater  depths  than  30  m  give  a  good  line  with  DT  =  2  m.  From 
Appendix  2  it  may  be  seen  that  a  straight  line  can  only  be  expected  if  the  static  excess  is  zero,  in 
which  case 

DT=Dt  =  4*h  X  10-5 

1  1  ya 


Figure  1 1.  Variation  in  resonant  frequency  with  depth  for  a  coalfish  and  the  spherical 

balloon,  to  determine  Dt 


where  /ij  is  the  real  part  of  the  complex  shear  modulus  of  the  bladder  wail  and  associated  tis¬ 
sues  whose  thickness  is  t,  which  probably  is  of  the  order  0,2a,  The  stiffness  correction  due  to  ^ 
is  (3 tia)  times  that  used  by  Andreeva  (1964).  Using  tja  ~  0.2  gives  -  2.6  X  ID6  dynes/cm  2 
for  coalfish  A  and  Pj  -  3.5  X  105  dyne^v.n2  for  the  pollack.  Cod  C  apparently  had  a  static 
excess  pressure  and  is  less  than  1 .4  X  106  dynes/ cm2.  Andreeva  quotes  direct  measurements 
of  //j  in  the  region  of  106  to  107  dynes/cm2. 

The  ability  of  fish  to  withstand  these  sudden  involuntary  changes  in  depth  seems  to  vaiy.  Out 
of  four  coalfish,  two  had  ruptured  swimbladders  at  the  surface;  one  exploded  2  feet  from  the 
surface  as  a  diver  brought  it  up,  having  previously  killed  the  fish  at  depth  and  then  watched  the 
bladder  expand.  No  haddock,  Melanogrammus  aeglefinus  (L  ),  were  caught  during  these  experi¬ 
ments  in  1968,  but  in  previous  years  each  one  caught  had  a  ruptured  swimbiadder  at  the  surface. 
One  out  of  two  cod  examined  was  ruptured,  while  the  ling  and  pollack  were  intact.  ling  have 
been  observed  to  have  bladders  ballooning  from  their  mouths  when  brought  up  from  the  depths 
in  fishing  nets.  It  is  unlikely  that  the  swimbiadder  wall  is  uniformly  elastic,  especially  in  view  of 
the  manner  in  which  it  is  attached  to  the  vertebral  column,  and  it  probably  extends  little  in 
length  and  rather  more  in  diameter  to  both  static  and  dynamic  pressures  From  the  aboye 
and  other  evidence  (Alexander,  1966)  it  is  thus  unlikely  that  the  swimbiadder  volume  and  the 
external  pressure  follow  Boyle’s  law,  especially  for  fish  brought  to  very  shallow  depths.  A  hypo¬ 
thetical  characteristic  is  sketched  in  Figure  12  for  a  fish  initially  settled  at  30  m  depth.  Without 
the  tension  of  the  walls,  the  mass  of  gas  would  occupy  the  volume  at  B,  and  the  curve  ABC  is 
the  isothermal  gas  characteristic  for  constant  mass.  With  tension  in  the  swimbiadder  wall,  the 
internal  pressure  exceeds  the  external  pressure  by  DB'  and  the  volume  is  reduced  to  VK  so  that 
the  gas  conditions  are  at  B'.  If  now  the  fish  is  placed  deeper,  not  having  time  to  absorb  or  secrete 
£•«,  the  excess  pressure  will  giadudly  drop  io  zero  *nd  the  walls  become  fiacciu,  as  at  A.  For 
further  increases  in  depth,  the  volume  V  and  external  pressure  will  follow  the  gas  law.  If  instead 
the  fish  is  raised  from  30  m  to  10  m  depth,  the  bladder  will  come  under  greater  stress,  the 
volume  increasing  and  the  pressure  decreasing  to  the  point  C.  The  excess  pressure  is  now  FC 
which  exceeds  DB'.  The  curve  ADFR  is  the  volume/depth  characteristic,  rupture  possibly  occur¬ 
ring  at  R  just  before  atmospheric  pressure  is  reached  externally.  The  neutral  buoyancy  volume 
VN ,  which  is  essentially  constant  at  all  depths  for  a  given  fish,  may  be  exceeded  by  the  time  the 
surface  is  reached;  live  swimbiadder  fish  brought  to  the  surface  often  float.  Given  time,  the  fish 
could  presumably  secrete  gas  to  reach  A' or  absorb  gas  to  reach  F  and  regain  its  volume  Vg  such 
Uidt  GA'  -EF  ®  DB'.  The  stiffness  of  the  swimbiadder  characteristic  in  Figure  12  has  been 
made  high  in  order  to  separate  the  two  curves  for  illustration  purposes,  and  the  relative  values  of 
VR ,  Vy.  V£  and  V A  are  speculative.  The  possession  of  a  fairly  stiff  swimbiadder  by  the  fish  has 
obvious  advantages  with  regard  to  depth  stability,  and  the  low  buoyancy  helps  to  increase  the 
vertical  range  of  a  fish.  While  low  buoyancy  has  rarely  been  reported  (Alexander,  1966),  it  is 
evident  that  observations  on  live  fish  in  shallow  aquaria,  or  on  fish  brought  up  to  the  surface 
from  deep  water,  are  difficult  to  apply  to  the  fish  at  depth.  With  refinements,  the  technique 
evolved  here  may  be  used  by  fish  physiologists  to  obtain  independent  estimates  of  swimbiadder 
volume  in  live  experimental  fish  in  situ.  Fish  audiologists  from  the  Marine  Laboratory, 

Aberdeen,  have  already  used  the  technique  to  monitor  the  swimbiadder  condition  before  hear¬ 
ing  tests. 
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Figure  12.  Hypothetical  depth,  volume  characteristic  for  a  stiff  swimbladder 


Allowing  for  the  measured  values  of  DT,  the  volumes  of  the  swimbladder  of  codfish  A  and 
the  poliark  at  30  m  depth  can  be  estimated  from  the  surface  dimensions  to  be  4.6  cm*  and 
5.5  cm*,  respectively.  In  view  of  the  strong  attachment  to  the  rigid  backbone,  the  length  is  proba 
bly  constant  with  depth,  so  that  the  reduced  volumes  ere  achieved  with  slightly  larger  aspect  ratios 
of  8.2  for  the  coaifUh  and  1 2  for  the  pollack;  the  resonant  frequencies  calculated  from  (2)  must  thus 
be  increased  by  20%  and  28%  to  898  Hz  and  791  Hz  compared  with  the  measured  values  of 950  H* 
and  766  Hz,  respectively.  These  discrepancies  of  -6%  and  +3%  are  well  within  the  experimentd 
errors.  Cod  swimbladders  have  lower  aspect  ratios  (e)  (Midttun  and  Hoff,  1962)  than  do  codfish 
and  pollack,  which  may  partially  account  for  the  low  vdue  of  for  cod  C.  Cod  B  and  codfish 
B  were  ruptured,  which  probably  explains  their  high  resonant  frequencies.  Though  cod  A 
escaped  before  it  could  be  examined,  it  is  evident  from  Figure  4  that  it  was  either  using  gas  or 
losing  it  from  a  rupture  and  may  have  been  doing  so  for  some  time  before  the  high  resonant 
frequency  was  first  measured.  The  ling  was  kept  dive  for  use  in  audiogram  experiments,  and 
subsequently  lived  a  considerable  time  before  releaae,  so  an  intact  bladder  is  assumed.  In  Table  1 
the  volumes  of  three  swimbladders  which  were  not  examined  have  been  cdculated  from  vdues 
ft  and  Dj  using 
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*t«h  aiio»<  «  2*^  increase  fc;  •  new  volumes.  determined  from  acoustic  mea  -emem.s 

range  from  25^  u*  kj*  o  ?ho*e  which  *  hi  Id  He  :«kulated  for  the  neutrally  buoy  ant  tt_.  la«d 
fish  shape  It  should  be  noted  that  the  length  co-weight  relationship*  of  fish  are  known  to  *  »»v 
even  v/ithm  a  species,  depending  upon  season  and  condition  of  the  Osh 

The  highest  Q  observed  at  30  m  was  7  5  for  cod  A,  and  the  'owes)  values  correspond  to  o-  er- 
damped  systems  In  general,  cod  and  ling  had  the  h-mvest,  and  coalfisn  and  pollack  the  highest 
damping.  Damping  consistently  increased  as  a  fish  was  raised  and  consistently  decreased 
as  it  was  lowered  Damping  is  principally  due  t  >  shear  losses  within  the  tissue  of  the  swim- 
bladder  wail,  especially  when  this  wall  is  under  tension,  and  to  viscous  losses  between  the  suc 
rounding  fish  materials  of  differing  density  in  a  locai  acoustic  field  having  high  particle  veloci¬ 
ties.  The  radiation  and  other  losses  (Andreeva,  I'M;  Devin,  1959;  Weston,  >96?)  were  negli¬ 
gible  in  comparison  with  the  fish  tissue  losses.  According  to  Andreeva  the  tissues  can  be  charac¬ 
terized  by  a  complex  shear  modulus  (jlq  =  fsl  (1  +  /^2),  in  which  case  the  tissue  damping,  for  a 
spherical  bladder  completely  surrounded  by  the  viscoelastic  material  of  thickness  greater  than 
the  bladder  dimensions,  is 
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Our  calculations  (Appendix  2)  based  on  a  thin-walled  spherical  viscoelastic  shell,  allowing  for 
possible  excess  static  pressure,  give,  at  resonance 
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While  either  (1 1)  or  (12)  would  both  predict  the  observed  reduction  of  Q  as  the  fish  is  raised 
and  vice-versa,  the  values  of  n2  necessary  to  explain  the  high  dumping  are  an  order  of  magnitude 
larger  than  in  Andreeva,  for  other  fish,  though  approaching  values  for  a  plastic  material 
(Workman  and  Hayek,  1969).  No  allowance  has  been  made  for  viscous  losses  in  the  other  body 
parts,  wldch  will  not  be  depth  dependent  and  which  the  single  experiment  with  the  pollack 
showed  to  be  significant,  The  damping  must  slso  be  higher  for  an  elongated  bladder  than  for 
a  spherical  one.  Since  the  accuracies  of  the  measurements  are  not  very  great  there  is  little  point 
in  pursuing  these  aspects  further. 


MEASUREMENTS  AT  HIGHER  FREQUENCIES 

The  backscattering  cross-sections  of  the  same  and  other  live  fish  m  higher  frequencies  were  mea¬ 
sured  using  a  different  method.  An  array  of  four  transducers,  mechanically  resonant  ui  6.5  kHz, 
was  used  as  a  sound  source  over  the  band  4  kHz  to  20  kHz.  Short  pulses  I  msec  long  were  trims 
mitted  at  a  frequency  which  was  changed  at  one-third  octave  intervals.  The  source  was  placed 
just  below  the  surface  and  vertically  above  the  live  fiah,  which  was  contained  at  30  m  depth  in  a 
large  polythene  bag  about  1  m  long  and  40  cm  in  diameter;  the  fish  couid  swim  around  in  this 
bag,  which  was  holed  to  allow  respiration .  In  the  same  vertical  line  at  20-m  depth,  an  omni¬ 
directional  hydrophone  wu  positioned  between  the  sound  source  and  the  fish. 

The  incident  and  scattered  pulses,  separable  in  time,  were  received  by  the  hydrophone  and 
recorded  via  the  same  tuned  amplifier  on  the  same  polaroid  film  from  a  C.R.O.  trace.  In  this 
wsy,  the  ratio  of  the  incident  and  reflected  pressures  can  be  measured  directly  from  the  film. 


’  ff »hf-  setting  «?  »  c.aiibrs’ied  *Ue^u*-: or  ir  the  pith  of  'he  lifter  modem  pulse.  the 
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and  C  RO  jp,mt  and  frequency  responses  Hie  acoustic  backs-  ‘ttermg  croeMect<no  ts  then 
determined  from 


where  dj  and  d$  are  the  distances  from  the  hydrophone  to  the  fish  and  sound  source,  respec¬ 
tively,  and  v,  and  \/  are  the  scattered  and  incident  pulse  voltages.  It  is  considered  important  that 
this  method  of  absolute  measurement  of  c  is  not  dependent  upon  standard  or  reference  targets. 
The  distances  were  known  to  ±1%  but  could  have  been  measured  by  the  pulse  travel  times. 

The  directions  of  the  pulses  incident  on  the  fish  and  hydrophone  differed  by  less  than  1.5°, 
so  that  even  at  the  liighest  frequency,  the  enor  in  \{  caused  by  the  directivity  of  the  transmit¬ 
ting  transducer  is  less  than  0.6  dB.  At  each  frequency,  the  value  of  V/  was  very  steady  from 
pulse  to  pulse.  Because  of  movement  of  the  fish  witlun  the  bag,  the  angle  between  the  incident 
wave  and  the  scattered  wave  as  observed  at  the  hydrophone  could  vary  between  3°  and  6.5° , 
and  the  incident  wave  may  vary  from  0°  to  2°  from  the  vertical.  Also,  the  live  fish  can  pitch  an 
unknown  angle  during  the  experiment,  and  the  major  acoustic  reflectors  may  be  tilted  relative 
to  the  mean  horizontal  axis  of  the  fish  (Midttun  and  Hoff,  1962),  so  that  the  angles  of  vertical 
incidence,  dorsal  aspect,  and  maximum  backscattering  do  not  necessarily  coincide.  Thus, 
directivity  and  fish  movements  cause  variations  in  vf  from  pulse  to  pulse.  The  maximum  value 
of  vf  over  eight  pulses  superimposed  on  the  film  was  used.  In  most  cases,  vf  wtu  well  above 
background  level;  in  cases  where  the  fish  echo  was  detectable,  but  comparable  with  the  noise  or 
reverberation  level,  correcfions  were  made  on  an  energy  basis;  occasionally ,  o  was  too  small 
for  Yt  to  be  detectable.  It  is  estimated  that  errors  in  and  target  strength  Jo  not  exceed 

±2  IB,  though  there  is  no  guarantee  that  the  absolute  maximum  value  in  the  pitch  plane  has 
been  recorded,  especially  at  high  Lf\.  Nevertheless,  the  values  obtained  are  probably  fairly 
representative  of  what  would  be  measured  by  an  echo  sounder  at  set.  In  a  separate  experiment, 
looking  at  fluctuations  over  25  pulses,  a  minimum  spread  of  2.7  dB  at  one  frequency  and  a 
maximum  spread  of  14  dB  at  a  higher  frequency  were  observed,  but  the  spread  did  not  con¬ 
sistently  vary  with  frequency,  and  it  is  felt  that  more  data  on  variability  are  needed. 

in  the  range  0.8  <  Lfk  <16,  199  measurements  on  six  species  of  swimbladder  fish  Indicate 
considerable  variability  from  frequency  to  frequency,  flair  to  fish,  ind  day  to  day.  Absolute 
values  occur  with  a  similar  spread  to  those  found  by  other  authors  (Fig.  1),  and  it  is  considered 
that  an  alternative  presentation  and  some  further  d*ta  reduction  might  be  worthwhile;  two 
methods  are  demonstrated.  Values  of  o/Z,2  were  first  averaged  in  one-third  octave  bands  of 
Lfk  and  plotted  as  the  •‘mean’’  in  Figure  1 3,  which  also  shows  the  maximum  and  minimum 
observed  in  each  band.  A  few  results  for  a  mackerel,  Scomber  tcombnu  (L.),  not  a  swimbladder 
fish,  fall  well  below  the  mean  of  the  swimbladder  fish  this  observation  offers  support  for  the 
conclusion  of  other  workers  that  the  swimbladder  b  a  nugor  scattering  component  of  fish  in 
this  band,  though  it  is  also  possible  that  the  mean  density  and  acoustic  impedance  of  mackerel 
are  leu  than  those  for  the  body  of  a  fish  supporting  a  swimbladder. 

All  the  measurements  were  then  plotted  as  in  Figure  14,  normalizing  o  by  X2  instead  of 
L 2  after  Love  (1969),  (who  remarks  that  this  procedure  improves  the  presentation  of  the  data) 
Of  course  the  quality  of  the  data  is  unaltered,  but  though  the  oil}  plot  illustrates  the  frequency 
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McCartney  and  stubbs 


Figure  1 3.  Summary  plot  of  scattering  normalized  by  length  from  fish  in  dorsal  aspect  at 
30  m.  Bracketed  numbers  refer  to  equations  in  the  text. 


dependence,  the  a/X2  plot  illustrates  the  fish-length  dependence;  it  is  apparent  from  the  data 
that  L  is  the  more  important  parameter.  A  least  mean-square  regression  of  10  log  (oA2)  on 
10  log  (L/\)  gave  the  line  shown  in  Figure  14,  for  which  the  equation  is 

a  (  L  \  2  45 

x5 '  0  029  (t)  •  <“> 

Usin'*  equation  (1),  this  expression  can  be  rewritten  as 

r=  24.5  logio  L  -4.5  log10  X-  26.4  (15) 


c; 


T=  24.5  logio  L  +  4.5  log,,/-  27.2,  (16) 

where  L  and  X  are  in  metres,  /  is  in  kilohertz,  and  T  is  in  decibels  re:  4 /rm2,  the  cross 
section  of  a  perfectly  reflecting  sphere  of  radius  2  m.  The  4.5-dB  per  decade  increase  with 
frequency  is  approximately  the  slope  of  the  mean  on  Figure  13,  as  would  be  expected  from  the 
same  data.  The  regression  line  is  slightly  lower  in  level  than  the  arithmetic  mean  because  it  was 
obtained  from  log  a  and  thus  is  nearer  a  geometrical  mean. 

The  data  collated  by  Haslett  (1965)  in  Figure  1  have  been  replotted  in  Figure  1 5  as  o/X2, 
and  the  regression  line  obtained  for  this  dorsal  aspect  data  is 

T- 25.3  logi0  L  ~  5.3  logio  X-  33.4  dB.  (17) 
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These  results,  equations  (15)  and  (17),  can  be  compared  with  those  of  Love,  whose  regression 
line  for  various  fish  in  maximum  side  aspect  is 

T  =  24.1  logio  Z,  -  4.1  logic  X  ~  23.5  dB.  (18) 

There  is  close  agreement  on  the  length  and  frequency  coefficients.  The  constant  for  maxi¬ 
mum  side  aspect  is  3  dB  larger  than  our  value  for  dorsal  aspect,  which  is  reasonable  because 
fish  generally  are  deeper  than  they  are  broad.  However,  the  large  difference  in  constants  for  the 
two  sets  of  dorsal  data  cannot  be  explained  easily.  Our  data  were  obtained  using  live  fish  in  good 
condition;  the  data  of  Figure  1  and  equation  (17)  were  from  dead  fish,  some  with  artificial 
swimbladders. 

The  individual  points  are  by  no  means  distributed  normally  about  the  regression  line.  In 
Figure  14,  there  are  more  points  above  and  closer  to  the  line  than  below  it,  suggestive  of 
multiple  scattering  with  broad  maxima  and  deep  interference  minima.  The  standard  error  in  the 
slope  of  Figure  14  is  1.4  dB/decade  and  the  standard  error  of  the  constant  is  0.7  dB. 

Haslett  (1965)  has  calculated  in  some  detail  the  contributions  from  various  component  structures 
of  the  fish,  using  approximate  geometrical  shapes.  We  shall  be  content  to  calculate  the  contribu¬ 
tion  in  several  frequency  bands  from  simple  models  representing  the  swimbladder,  for  which 
the  amplitude  reflection  coefficient,  (i,  can  reasonably  be  taken  as  -1.  Below  resonance,  in 
the  Rayleigh  scattering  region,  c  is  proportional  to  i,6X'4.  Above  resonance  and  below  fre¬ 
quencies  where  the  swimbladder  dimensions  are  less  than  a  wavelength,  Weston  (1967)  has 
shown  that  the  acoustic  cross  section  is  equal  to  the  surface  area  for  a  soft  spheroid  of  any 
aspect  ratio.  Thus,  a  prolate  spheroid  of  length  0.36L  and  diameter  0.036L  would  have 

2.8c0 

a  =  3  X  10~2L2 ,  ff  </<  '  (19) 

The  upper  frequency  limit  is  near  LfK  =  3.  Above  this  frequency,  as  first  the  swimbladder 
length  and  then  other  dimensions  become  comparable  with  a  wavelength,  the  diffraction  region 
is  difficult  to  approximate  simply.  Modeling  the  swimbladder  on  a  cylinder  of  length  8  =  0.36L 
and  diameter  2b  =  0.03L,  the  latter  less  than  the  prolate  spheroid  minor  dimension  in  order 
to  give  the  same  volume,  2.5  X  1(T4L3,  which  is  somewhat  lower  than  neutral  buoyancy 
volume  in  accordance  with  Table  1,  we  can  use  the  scattering  cross  section  of  a  finite  cylinder 
(Haslett,  1964;  Tucker  and  Stubbs,  1958) 

2 nbH3  ,  ,  v 

a  =  -y~  M3  ,  (20) 

giving  then 


o  =  1.2  X  10 


r  3 
1-3  it- 


<f<fu 


The  lower  frequency  limit  is  determined  from  2 irb  >  A/2  and  corresponds  to  I/X>  5.3.  It 
should  be  noted  that  equations  19  and  21  intersect  at  I/A  3  2.5,  so  that  it  is  reasonable  for 
a  to  be  less  than  equation  (21)  and  more  than  equation  (19)  in  2.5  <  I/A  <  5.3.  The  upper 
limit  /  of  the  finite  cylinder  approximation  will  depend  upon  the  curvature  of  the  long  axis 
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of  the  bladder  and  at  high  frequencies,  scattering  is  specular.  Using  the  laws  of  geometrical 
optics,  Tucker  and  Stubbs  (1958)  calculate  that  for  an  ellipsoid  of  length  8,  breadth  2b,  and 
depth  2c, 


a  = 


nt2b2 

16c5 


(22) 


This  expression  arises  because  the  two  principal  radii  of  curvature  are  B2/8c  and  i2/2c.  In 
this  case  of  prolate  spheroid,  b  -  c,  p  =  -1,  and  a  -  tt82/16,  which,  surprisingly,  is 
independent  of  b  and  gives 


o  =  10 -'L2,  fu<f.  (23) 

For  this  approximation  to  apply,  2b  >  X,  and  the  lower  limit  will  correspond  to  Lfk  >  28. 
Because  equations  21  and  23  intersect  at  I/X  =  8,  a  is  somewhat  uncertain  in  the  region 
8  <  LjX  <  28.  However,  the  geometrical  optics  approximation  takes  no  account  of  surface 
creeping  waves,  which  Senior  (1966)  has  shown  can  enhance  high-frequency  scattering  from 
prolate  spheroids  for  “end”  or  “nose  on”  incidence.  At  all  events,  the  frequency  range  in  which 
a  10-dB/octave  slope  can  be  expected  is  quite  restricted,  probably  to  less  than  the  range  over 
which  the  regression  lines  have  been  forced.  Some  more  recent  broadside  measurements  by 
Haslett  (1969)  at  high  l  l\  values  show  very  low  or  zero  frequency  dependence.  It  is  apparent 
in  broad  outline  and  general  level,  if  not  in  precise  detail,  that  the  swimbladder  can  account  for 
practically  all  the  scattering  from  these  fish.  Higher  values  than  these  approximations  can  be 
expected  if  the  fish  is  nearer  neutral  buoyancy,  if  the  swimbladder  is  concave  along  its  length, 
or  if  it  is  broader  than  it  is  deep. 

Though  the  rest  of  the  fish  is  bulkier  than  the  swimbladder,  this  factor  is  more  than  offset  by 
the  much  reduced  amplitude  reflection  coefficient,  so  that  scattering  is  an  order  of  magnitude 
at  least  below  that  from  the  bladder.  There  is  some  uncertainty  about  the  value  of  p  for  fish 
flesh  and  bone  in  sea  water.  Haslett  (1962a,  1965)  has  obtained  p  =  0.019  by  measurement 
at  a  high  frequency  on  small  samples  of  flesh,  whereas  Mahrous  and  Cushing  find  a  sound 
velocity  in  fish  flesh  of  1 ,620  m/sec,  which  would  give  p  s*  0.064.  For  cod  bone,  Haslett 
measures  p  =  0.25  to  give  c0  -  1,280  m/sec,  while  Mahrous  and  Cushing  measure 
c0  =  5,650  m/sec,  giving  p  =  0.76. 


CONCLUSIONS 

1.  A  technique  has  been  developed  whereby  the  swimbladder  resonance  of  a  live  or  dead  fish 
may  be  observed  and  measured  at  sea. 

2.  By  this  method,  the  resonant  frequency  of  several  live  gadoid  fish  were  found  to  be  higher 
than  would  be  predicted  for  a  neutrally  buoyant  fish  with  a  spherical  swimbladder. 

3.  The  three  major  reasons  for  the  higher  frequency  of  resonance  are  (a)  the  elongation  of 
the  bladder,  (b)  an  excess  internal  pressure  because  of  the  stiffness  of  the  bladder  wall,  and 
(c)  the  fact  that  apparently  the  bladders  of  the  experimental  fish  were  insufficiently  inflated  to 
provide  neutral  buoyancy. 

4.  The  damping  of  resonance  in  all  cases  was  high  and  was  in  roughly  equal  measure  the  result 
of  the  viscous  losses  in  the  bladder  wall  tissues  and  the  surrounding  gut. 
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5.  Measurements  on  elongated  balloons  confirmed  the  validity  of  the  resonance  technique 
and  showed  that  the  effect  of  aspect  ratio  was  close  to  the  theoretical  calculations  of  Weston. 

6.  Application  of  swimbladder  resonance  for  the  sizing  of  commercial  fish  at  liberty  in  the 
sea  is  not  a  practical  proposition  because  of  severe  and  fundamental  transducer  and  resolution 
limitations.  The  in  situ  resonance  teclinique  described  here  is  considered  to  be  a  valuable 
method  of  monitoring  the  swimbladder  function. 

7.  An  absolute  method  of  measuring  the  target  strength  of  fish  at  higher  frequencies  has  also 
been  developed;  it  does  not  depend  upon  calibrated  transducers  or  upon  “standard”  targets. 

8.  Measurements  in  dorsal  aspect  on  live  fish  in  the  range  0.8  <  L/X  <  20  give  an  empirical 
equation, 

T  =  24.5  log  to  L  -  4.5  log10  X  -  26.4 

It  is  recommended  that  this  equation  be  used  when  sizing  by  target  strengths  with  calibrated 
echo  sounders  at  sea. 

9.  The  major  cause  of  scattering  over  the  whole  frequency  band  is  the  swimbladder. 
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APPENDIX  1 

HYDROPHONE  SENSITIVITIES  AND  CALIBRATION  CONSTANT 


In  order  to  convert  the  uncalibrated  plots  of  Figures  3, 5 ,6, 7,  and  10,  it  it  necessary  to  know 
the  hydrophone  sensitivities  St  and  S  and  hence  the  calibration  factor  of  equation  (7), 
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It  was  not  possible  to  calculate  theoretically  the  sensitivities  with  any  confidence  because  of  the 
complex  boundary  conditions.  The  edge-on  sensitivity  to  plane  waves  Sp  was  determined 
(Fig.  16)  by  a  conventional  substitution  calibration.  To  obtain  Ss  a  small  piezoelectric  sphere 
was  placed  at  the  centre  of  the  ring  and  used  as  a  transmitter  over  the  frequency  band  100  Hz  to 
10  kHz.  The  voltages  from  the  ring  and  another  small  calibrated  hydrophone  some  distance 
away  were  measured.  The  ring  sensitivity  was  therefore  obtained  (Fig.  16)  relative  to  the 
hydrophone  for  spherical  waves  originating  at  the  centre  of  the  ring.  The  resulting  calibration 
factor  (Fig.  16)  has  been  used  in  Figure  10  for  the  nearly  spherical  balloon  and  the  measured 
target  strength  is  very  close  to  the  theoretical  values  for  a  Q  of  10.  Application  of  the  calibra¬ 
tion  factor  to  the  elongated  balloons  and  the  fish  is  less  certain.  Well  away  from  the  scatterer, 
the  field  is  spherical,  because  it  is  a  monopole  smaller  than  a  wavelength.  However,  at  the  posi¬ 
tion  of  the  ring,  .vhich  is  separated  from  the  scatterer  by  the  same  order  as  the  length  of  the 
scatterer,  the  field  is  more  complex  and  a  proximity  correction  might  be  necessary,  depending 
upon  the  aspect  ratio.  The  calibration  factor,  uncorrected,  was  applied  to  the  cod  that  had  the 
highest  Q,  the  pollack  having  the  lowest  Q,  and  to  another  cod  with  the  lowest  normalized 
frequency,  all  plotted  in  Figure  13.  Taking  account  of  the  higher  resonant  frequency  discussed 
under  Measurements  at  Higher  Frequencies,  the  calibrated  and  normalized  results  at  low  fre¬ 
quencies  on  Figure  13  fit  the  theoretical  values  of  equation  (19)  and  the  Rayleigh  scattering 
below  resonance  sufficiently  closely  to  suggest  that  any  corrections  from  the  proximity  of  the 
ring  are  small. 

Radial  and  axial  displacements  of  the  target  from  the  centre  of  the  ring  were  shown  to  have 
no  effect  on  the  re:  -u  ant  frequency  and  a  small  effect  on  amplitude,  so  that  providing  the  ring 
is  placed  around  the  bladder,  further  accuracy  in  positioning  is  unnecessary. 


Figure  16.  Measured  it  nativities  of  ring  hydrophone:  S,  to  spherical  waves  from  the  centre  of  the  ring, 

/  *Sp\ 

S p  to  "edge-on"  phne  waves.  20  log iq  ( — j— *•  |  is  the  calibration  term  in  equation  (7) 
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APPENDIX  2 

THE  EFFECTS  OF  SWIMBLADDER  TISSUE  ON  RESONANCE 


For  simplicity  the  fish  is  modeled  on  a  spherical  viscoelastic  shell  (swimbladder)  surrounding 
a  gas  volume  V  and  surrounded  by  an  infinite  body  of  water.  If  the  shall  density  is  the  same  as 
water  the  radiation  load  on  the  bladder  is  the  same  as  that  on  a  spherical  bubble  of  the  same 
size,  but  the  mechanical  stiffness  is  altered  because  of  both  an  increased  internal  static  pressure 
and  elastic  energy  storage  in  the  shell,  and  the  damping  is  increased  due  to  incomplete  recovery 
of  stored  energy  within  the  shell. 

The  radial  displacement  of  a  spherical  elastic  shell  is  given  (Love,  1927)  by 

l  / Pi'i*  ~ Por03\  j  /r0V,3(pi  -p0)\  i 
Ur  "  ro3-^  /  +  To3-,,3  )J 

where  pj  and  p0  are  the  internal  and  external  pressures  at  radii  and  r0  respectively,  B 
is  the  bulk  modulus  of  compressibility,  p0  is  the  shear  modulus  and  rj  <r  <rQ.  For  visco¬ 
elastic  materials  B  is  taken  to  be  real,  and  p0  is  complex  and  frequency  dependent  (Workman 
and  Hayek,  1969).  Andreeva  (1964)  defined  p0  =  pj  (1  +  jp 2)  a°d  considered  the  bladder 
material  to  have  dimensions  larger  than  the  bladder,  so  that  putting  p0  =  0  at  rQ  -*■  °°,  gives 

Pl  4p0  ' 


However  this  approximation  does  not  seem  too  satisfactory,  in  view  of  the  experiment  in  which 
the  gut  below  the  pollack  was  removed,  causing  decreased  damping  but  not  affec'mg  the  reson¬ 
ant  frequency.  Let  the  wall  be  thin  so  that  rQ  -  =  t  and  (r03  -r  1 3)  -  3rj2/,  giving 

ri1  /  t  1  \ 

V°” 

It  is  probable  that,  like  natural  rubber  (Workman  and  Hayek,  1969),  B  for  the  bladder 
wall  tissue,  giving 


Vr,  <7, 


which  indicates  an  extension  (Zj/30  times  that  produced  by  Andreeva’s  approximation.  Now 
if  the  bladder  is  initially  extended  U  beyond  the  flaccid  state  then  the  excess  internal  pressure 
is  A?  *  4p.  (3tlr*'jU,  wher:  it  has  been  assumed  that  p2  *  0  at  zero  frequency.  Devin 
( 1 959)  and  Weston  ( 1 967)  derive  formulae  for  the  resonant  frequency  and  damping  of  gas 
bubbles  and  Weston  (1967)  and  Andreeva  (1964)  discuss  damping  coefficients  due  to  fish 
tissue,  so  that  it  is  not  necessary  to  write  down  the  derivation  here  in  full,  except  to  point  out 
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that  the  difference  between  the  gas  pressure  and  the  sum  of  the  incident  and  scattered  pressures 
at  the  radius  a  must  equal  4pQ  (3 t/a2}ua  instead  of  zero,  where  ua  is  now  the  acoustic 
displacement  of  the  wall  and  a  =  +  U.  The  resonant  frequency  is  then  given  by 


/,  =  (2 w)"1  p-1/2[3r(/>+A/0MM1^(i-*o.iM2)] 


1 1/2 


the  damping  by 


5  =  6r  +  5/  > 

7  7 

where  5r,  the  radiation  damping  is  k  a  «  / to  and  the  tissue  damping  is 

,  _  _3^ 

f  pcusaJ  a 


Now  )to  op2  <  i ,  so  that  we  obtain 


<  =  (2m>  ‘  p-,/a  [st-#*  +  12m.  f  (5^^  +7)]1,!’ 

or,  if  Andreeva’s  assumption  was  used, 

fr  *  e»r'  p'1,J  [v  +>)] m. 

which  reduces  to  her  formula  if  U  =  0. 

It  is  interesting  to  note  that  in  the  case  of  a  small  gas  bubble  for  which  surface  tension  o(  is 
significant 


/■„  «  (2m)  1  [sr 


1/2 


The  term  +  2ot/a  is  the  static  excess  internal  pressure,  but  the  term  -  2a  Ja  is  a  consequence  of 
a(  remaining  constant  as  the  bubble  oscillates,  so  that  during  the  expansion  cycle  the  total  ex¬ 
cess  internal  pressure  is  being  reduced. 

Returning  to  the  experiment  in  which  fr  is  measured  as  the  fish  depth  is  altered,  and  if  pj  is 
in  dynes/cm  ,  the  apparent  excess  pressure  in  terms  of  metres  of  water  is  given  by 


(37)-*  X  10“* 


’  3 yU 

(«-tv 


dt-d,+d, 


That  is 
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where  the  static  excess  head  of  water  is 

D  =  12^,  X  10"5 , 

(a-U)2 

and  the  effective  contribution  due  to  tissue  rigidity  is 

D,  =  4m,  —  X  10-s  . 

*  ya 

Ds  -  D{  if  U/a  ~  0.2,  which  is  a  large  strain  but  not  an  impossib’e  one  for  the  fish  raised  from 
30  to  10  m.  For  a  fish  forced  to  undergo  rapid  changes  in  depth,  U  will  change  and  though 
this  could  be  calculated,  it  requires  the  assumption  of  linea  r  elasticity,  which  is  doubtful  since 
a  large  proportion  of  bladders  ruptured.  If  a  plot  of^1,2  versus  is  a  straight  line  then  it  sug¬ 
gests  that  U= 0  over  the  range  of  Dp  that  D{  =  0  and  that  DT~Dr 

At  resonance  the  tissue  damping  is 

Ma  D, 

8f  ~  (Df  +  10+0,  +DS)  ’ 

M2  is  probably  frequency  dependent. 

These  calculations  based  on  a  spherical  bladder  can  only  serve  as  a  guide  to  the  real  fish, 
whose  swimbiadder  is,  in  general,  a  more  complex  shape  and  stiffened  by  the  vertebrae,  whose 
tissues  do  not  have  uniform  thickness  or  elastic  properties  and  whose  recent  pneumatic  history 
is  so  important. 


APPENDIX  3 
NOMENCLATURE 

a  radius  of  bubble  or  swimbladder 

B  bulk  modulus  of  tissue 

2b  diameter  of  cylinder  or  breadth  of  ellipsoid 

2c  depth  of  ellipsoid 

c0  velocity  of  sound 

Df  depth  of  fish 

Dt  actual  excess  static  pressure  in  metres  of  water 
DT  equivalent  total  excess  internal  pressure  in  metres  of  water 
D(  equivalent  excess  pressure  due  to  tissue  elasticity 
df  distance  between  hydrophone  and  fish 
d{  distance  between  hydrophone  and  source 
e  ratio  of  length  to  diameter  for  prolate  spheroid 

f  frequency 
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/  resonant  frequency  of  spheroid 

f  resonant  frequency  of  spherical  bubble 

f  resonant  frequency  of  fish  swimbladder 

f  upper  frequency  limit  of  cylindrical  approximation 
L  length  of  fish 

8  length  of  cylinder  or  ellipsoid 

P  absolute  static  pressure 

A P  excess  static  pressure 
pj  incident  acoustic  pressure 
ps  scattered  acoustic  pressure 
Q  ratio  of  resonant  frequency  to  3  dB  bandwidth 
r  radius  of  shell 

R  radius  of  ring  hydrophone,  distance  from  fish. 

Sp  sensitivity  of  ring  hydrophone  to  ‘edge-on’  plane  waves 

Ss  sensitivity  of  ring  hydrophone  to  spherical  waves 

t  thickness  of  tissue 

T  target  strength 

U  initial  radial  displacement  of  spherical  bladder 
u„  acoustic  displacement  of  bladder  wall 
V  volume  of  swimbladder 

V£  original  volume  of  bladder  before  change  in  depth 

\'N  neutral  buoyancy  volume 

VR  volume  of  bladder  at  rupture 

v  hydrophone  voltage 

vj  ring  hydrophone  voltage  with  fish  present 

v2  ring  hydrophone  voltage  without  fish 

v.  incident  pulse  voltage 

v  scattered  pulse  voltage 

>  ratio  of  specific  heats  of  gas 

6  damping  factor 

bj  damping  factor  at  resonance  due  to  fuh  tissue 

6.  damping  factor  at  resonance  due  to  acoustic  radiation 
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?,  wavelength 

H  amplitude  reflection  coefficient 

=  jUj  (1  +/M2)  complex  shear  modulus  of  tissue 
p  density 

o  acoustic  backscattering  area 

o,  surface  tension 

« 

w  =  2nf 


DISCUSSION 

Winokur:  Thank  you,  Brian.  I  know  that  Richard  Love  has  done  some  additional  work  on  dorsal 
aspect  target  strengths,  and  we  will  save  hi3  remarks  until  this  evening.  K  docs  have  a  few  slides 
to  show  of  his  data,  and  has  developed  an  equation  sirrm  to  Dr.  McCartney's. 

McCartney  :  Richard  Love’s  equation  for  maximum  side  aspect  is  very  similar  to  mine  in  fre- 
quency  dependence  and  length  dependence.  There  is  a  3  dB  difference  in  the  constant,  which 
acoustically  is  reasonable.  One  might  say  that  the  fish  are  rather  deeper  than  they  are  wide,  and 
that  might  account  for  3  dB,  but  I  doubt  it  I  think  it  is  probably  experimental  error. 

Shearer:  Dr.  McCartney,  I  wonder  if  you  could  elaborate  on  a  statement  that  you  made  at  the 
beginning  of  your  presentation.  You  said  that  the  volume  of  the  swimbladder  is  directly  related 
to  the  length  of  the  fish.  What  kind  of  correlation  did  you  find? 

McCartney:  By  length  1  really  should  have  aid  length  cubed.  This  was  the  naive  assumption 
which  we  had  made  originally.  The  basis  of  this  is  that  if  the  fish  is  neutrally  buoyant,  it  is  be¬ 
cause  of  the  specific  gravity  of  the  rest  of  the  fish.  The  swimbladder  has  to  be  of  the  order  of 
5%  of  the  total  volume  of  the  fish.  If  you  have  a  fish  of  a  certain  shape,  then  the  volume  is 
proportional  to  the  length  cubed.  For  tin.  Jsh  we  were  dealing  with,  we  were  talking  in  terms 
of  4  X  1C T4/,3  for  the  volume  of  the  swimbladder. 

Shearer:  Y  u:  first  equation  then  was  Haslett’s  equation  based  on  the  six  specimens  of  whiting? 
McCcrtnsy:  Yes. 

Barham:  Or.  th"  matter  of  5  percent,  some  years  ago  I  ran  up  some  curves  on  this  sort  of  thing 
where  we  measured  displacement  of  the  fish,  then  assumed  the  5  percent  factor  for  the  volume 
of  the  swimbladder.  Then,  when  we  actually  made  measurements,  we  never  really  quite  came  up 
with  this  5%  figure.  We  were  always  a  little  short,  it  seemed,  in  tb*  vast  majority  of  cases.  I 
assume  that  these  are  gadoid  fishes  and  the  swimbladder  would  be  similar  to  that  of  a  Pacific 
hake,  which  has  a  highly  mwcuiir  wall  around  it.  Maybe  I  missed  it,  but  you  make  special  note 
that  what  you  measured  is  the  do'sal  aspect.  Would  you  say  again  how  important  the  ingle  of 
incidence  or  sound  on  the  target  would  be? 

McCartney  :  The  angular  dependence  in  the  resonance  scattering  region  is  zero.  The  scattering 
is  omnidirectional,  or  isotropic,  if  ycu  like.  In  the  regior  where  the  length  of  the  fish  or  the 
length  of  the  swimbladder  begins  to  b *  comparable  with  the  wave  length,  then  scattering  does 
become  directional;  there  are  lots  of  measurements  on  the  directional  properties.  There  are 
quite  a  loi  of  results  which  show  angular  dependence  in  the  high  frequency  region,  c.g.,  Love 
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and  Haslett  and  some  Norwegian  results.  We  have  concentrated  on  dorsal  aspect  because  it  is 
the  most  important  from  the  point  of  view  of  echo  sounding. 

Wtnokur:  I  believe  that  in  some  of  the  data  Richard  Love  will  present  later  this  evening,  he 
does  show  a  difference  between  the  side*  and  dorsal-aspect  target  strengths.  The  dependence 
ranges  from  about  1  to  8  or  9  dB  for  ranges  of  L/X  from  about  1  to  80. 
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ABSTRACT 

Biological  sound  scattering  is  usually  thought  of  in  connection  with  reverberation; 
however,  the  effect  may  be  important  in  one-way  propagation  as  well,  and  therefore 
transmission  measurements  may  also  be  used  to  study  the  scaiterers.  It  is  the  acoustic 
extinction  cross  section  that  matters,  since  energy  is  lost  because  of  both  scattering 
and  absorption.  The  effect  appears  to  be  of  significance  only  for  shallow  water,  because 
of  the  presence  of  fishes  having  swimbladders.  Five  different  aspects  or  approaches  are 
described  below,  dravring  heavily  but  not  entirely  on  experiments  in  the  Bristol  Channel. 

(1)  The  best  information  reiates  to  diurnal  changes  in  level,  broadly  speaking  the 
summertime  level  drops  near  sunset  and  rises  near  sunrise.  This  occurs  because  the 
fishes  ore  in  shoals  by  day,  but  at  night  they  are  dispersed  and  more  effective  in  ex¬ 
tinguishing  the  sound.  The  phenomenon  is  complicated,  with  at  least  seven  diurnal  pat¬ 
terns  being  distinguished,  and  also  highly  variable.  The  attenuation  can  be  very  large, 
e.g,,  at  700  Hz  it  is  up  to  2  dB/km.  The  latter  is  a  result  of  a  concentration  of  one 
24-cm  pilchard  to  approximately  10  irf  of  sea  surface.  (2)  The  dependence  of  level  on 
range  (and  frequency)  is  governed  by  the  sum  of  the  boundary  and  the  volume  losses, 
and  it  is  sometimes  possible  to  assess  the  magnitude  of  the  volume  losses  caused  by  the 
fishes.  (3)  The  seasonal  variation  in  transmission  loss  may  provide  similar  information. 
(4)  The  presence  of  fish  has  been  observed  to  affect  the  frequency  dependence  of  the 
extra  attenuation  caused  by  high  winds.  (5)  A  fluctuation  of  a  few  minutes’  period 
occurring  in  the  summer  daytime  is  also  tentatively  ascribed  to  fishes,  although  the 
mechanism  may  not  be  closely  related  to  the  fish  attenuation  already  described. 


INTRODUCTION 

There  are  two  fundamental  points  to  be  made  about  biological  sound  scattering,  if  a  balanced 
picture  is  to  be  obtained. 

1 .  The  subject  is  of  comparable  importance  for  marine  biologists  and  for  physicists  or  ocean¬ 
ographers  studying  underwater  acoustics.  For  the  biologist  the  scattering  of  sound  can  be  used 
as  a  tool  for  the  study  of  marine  organisms.  For  the  physicist  biological  scattering  plays  a  con¬ 
trolling  pari  in  many  acoustic  phenomena  and  can  provide  the  solution  to  many  mysteries. 

it  is  believed  that  this  dual  importance  is  now  recognised. 

2.  Biological  sound  scattering  may  be  investigated  through  echo-sounding,  echo-ranging,  or 
reverberation  experiments.  When  it  combines  with  biological  sound  absorption,  however,  it  can 
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becomes  a  significant  cause  of  attenuation.  Thus  we  should  pay  almost  equal  attention  to  one¬ 
way  and  two-way  effects. 

It  appears  that  sound  attenuation  resulting  from  marine  organisms  is  not  »,r>ually  important 
in  the  deep  sea  (1,2).  The  present  paper  considers  attenuation  resulting  from  fishes  in  the 
shallow  waters  of  the  Continental  Shelf  and  gives  the  3tory  below  split  under  five  headings. 
Much  of  this  relates  to  an  extensive  series  of  propagation  experiments  carried  out  in  the 
Bristol  Channel  (3,4).  This  work  is  still  in  progress,  so  the  object  here  is  to  summarize  what 
has  been  published  end  also  to  bring  the  account  up  to  date.  The  references  happen  to 
comprise  a  complete  bibliography  of  papers  on  this  subject  from  the  Admiralty  Research 
Laboratory,  published  or  in  an  advanced  state  of  preparation. 

As  general  background  it  may  be  noted  that  the  frequencies  investigated  lie  mainly  between 
700  Hz  and  3.5  kHz,  and  ranges  extend  to  137  km  (74  nautical  miles).  Eleven  different  fluctua¬ 
tion  mechanisms  have  been  identified,  including  those  of  biological  origin.  This  large  number  of 
effects  makes  it  very  difficult  to  study  any  given  effect  on  its  own,  without  ambiguity  in 
interpretation. 

DIURNAL  EFFECTS  CAUSED  BY  FISHES 

The  main  evidence  for  fish  attenuation  comes  from  the  difference  between  the  propagation 
during  the  day  and  during  the  night.  Large  changes  in  received  signal  level  may  often  be  noticed 
at  sunrise  and  sunset,  as  first  discovered  in  1963  (3).  The  patterns  are  attributed  to  fishes  largely 
because  of  the  timing  relative  to  light  intensity,  and  the  knowledge  that  fish  shoals  break  up 
when  it  gets  dark  and  re-form  when  it  becomes  light.  The  scattering  and  absorption  of  sound 
by  the  fishes  depends  on  their  degree  of  aggregation;  this  is  particularly  important  for  pelagic 
fishes  having  swimbladders.  At  night  the  fishes  swimming  as  individuals  can  produce  a  high 
overall  attenuation.  In  the  daytime  when  they  are  packed  into  shoals  there  is  acoustic  inter¬ 
ference  between  the  scatterers,  and  the  attenuation  they  produce  is  less. 

A  systematic  series  of  multifrequency  amplitude  fluctuation  experiments  was  carried  out 
in  the  Bristol  Channel  at  regular  intervals  between  May  1967  and  September  1968  (5).  A 
sequence  of  pulses  of  4  sec  duration  at  frequencies  between  700  Hz  and  3.5  kHz  was  transmitted 
every  100  sec,  and  received  at  ranges  of  23  and  137  km.  Sample  curves  from  (6)  are  reproduced 
as  Figure  1  and  show  the  magnitude  of  the  day-night  differences  over  the  23  km  (13  nautical 
mile)  path. 

Seven  different  diurnal  patterns  of  attenuation  against  time  have  been  distinguished,  and  a 
schematic  representation  of  these  patterns  is  shown  in  Figure  2,  taken  from  (4).  It  is  convenient 
to  show  patterns  as  centred  about  local  midnight  rather  than  midday.  The  first  two  patterns 
are  the  most  common,  and  together  outnumber  the  rest.  Pattern  1  is  an  abrupt  drop  in  signal 
level  after  sunset,  often  between  15  and  25  dB,  followed  before  sunrise  by  a  similar  abrupt 
rise  in  level.  Pattern  2  is  a  dip  in  signal  level  of  between  10  and  20  dB,  after  sunset  and 
before  sunrise.  Pattern  3  is  a  bowl-shaped  gradual  change  in  signal  level  of  between  5  and 
15  dB  giving  a  reduced  signal  level  at  night.  Patterns  4  to  7  grow  progressively  more  com¬ 
plicated  as  shown,  and  the  last  two  are  also  rather  rare. 

The  character  and  magnitude  of  the  patterns  ic  extremely  variable  and  is  a  partial  result  of 
changes  in  number,  type,  and  aggregation  behaviour  of  pelagic  fishes.  There  may  also  be  s  con¬ 
tribution  from  bottom-living  fishes  that  may  swim  upwards  in  the  water  column  around  twilight. 
In  addition,  pelagic  fishes  will  often  assume  a  shallower  depth  near  dusk.  Acoustically  the  depth 
of  the  fishes  is  important  for  three  distinct  reasons.  First,  the  bladder  resonance  frequency  is  a 
function  of  depth.  Secondly,  there  is  the  Lloyds  mirror  interference  effect  occurring  near  both 
the  surface  and  the  sand  bottom.  The  acoustic  pressure  is  reduced,  the  fishes  are  partly  de¬ 
coupled  from  the  acoustic  medium  and  the  attenuation  is  reduced.  Third,  the  sound  velocity 
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Figure  2.  Schematic  representation  of  attenuation  pattern*  caused  by  flth  (the  scale 
of  the  level  change*  it  highly  variable,  but  perhaps  15  dB  is  typical) 
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structure  may  channel  the  sound,  usually  in  the  colder  water  in  the  lower  half  of  the  water 
column.  This  is  important  for  the  137-km  path,  particularly  in  the  summer  months,  and 
deep  fishes  can  than  have  much  more  effect  than  shallow  fishes. 

The  amplitude  of  the  change  in  signal  level  for  each  pattern  has  been  plotted  against  the 
time  of  year  in  Figure  3  (4)  for  the  short-range  23-km  path.  The  pattern  may  involve  an  increase 
or  decrease  in  signal  level  at  night.  The  main  effects  over  this  path  occur  between  July  and 
September,  the  higher  frequency  transmissions  being  affected  about  a  month  earlier  than  the 
lower  frequencies.  The  maximum  observed  attenuation  of  at  least  45  db  occurred  at  700  Hz, 
which  is  the  lower  limit  of  the  measurements.  It  does  seem  as  if  the  effect  peaks  near  this 
frequency,  with  a  ^-factor  of  about  2.  A  bladder  resonance  of  700  Hz  corresponds,  with  a  few 
reasonable  assumptions  on  depth  and  tissue  elasticity  (1),  to  a  fish  length  of  24  cm,  almost 
certainly  the  Cornish  Pilchard  ( Pilchardus  sardinus).  There  is  a  second  frequency  peak 
which  early  data  suggest  is  at  about  3.2  kHz,  corresponding  to  a  5.3-cm  length,  with  no 
obvious  fish  candidate  responsible. 

From  the  measured  attenuation  and  frequency  it  was  possible  to  estimate  the  mean  numbers 
of  fishes  in  the  24-cm  category  as  at  least  0.12  per  m2  of  sea  surface  with  mass  about  12  gm/m2, 
or  107  lb/acre. 

For  the  137-km  path  the  attenuation  patterns  are  not  limited  to  the  stammer  months,  and 
there  are  no  marked  frequency  dependence  effects  as  for  the  23-km  path. 

RANGE-DEPENDENCE  OF  TRANSMISSION 

If  one  tries  to  explain  the  shape  of  the  curve  of  shallow-water  signal  level  against  range  as 
resulting  mainly  from  losses  on  boundary  reflections,  one  runs  into  difficulties  (7).  One  possi¬ 
bility  is  to  suppose  a  significant  bulk  attenuation,  perhaps  because  of  fishes.  This  explanation 
can  still  work  in  the  daytime  because  the  diurnal  variation  of  the  fish  effect  is  not  necessarily 
a  full-depth  modulation,  i.e.,  there  may  still  be  some  fish  attenuation  remaining  in  the  daytime. 
An  experimental  approach  to  this  problem  involves,  first,  an  assessment  of  absolute  transmission 
loss,  and,  second,  an  estimate  of  the  losses  due  to  the  boundary.  The  latter  follows  from  the 
number  of  normal  modes  that  remain  effective  as  carriers  of  energy,  and  this  number  can  be 
obtained  from  dispersion,  interference  or  depth-dependence  measurements.  Quantitative  work 
of  this  type  (5)  has  indicated  that  fish  or  other  bulk  attenuation  is  indeed  important.  The 
answer  depends  among  other  things  on  the  frequency;  well  below  our  present  frequency  range 
(<700  Hz)  boundary  losses  will  predominate,  and  well  above  it  (>3.5  kHz)  the  main  loss  is  a 
result  of  the  magnesium  sulphate  relaxation. 

SEASONAL  VARIATION  IN  PROPAGATION 

The  above  ideas  on  the  basic  mechanisms  of  shallow-water  sound  propagation  are  supported 
by  the  seasonal  dependence  of  the  daytime  transmission,  which  is  much  worse  in  the  summer. 
The  increased  losses  in  the  summer  are  apparently  a  result  of  a  mixture  of  thermal  and  fish 
mechanisms  (3,5). 

WIND  ATTENUATION 

High  winds,  or  rough  seas,  attenuate  the  signal  level,  affecting  the  higher  frequencies  first 
(3).  It  has  been  observed  at  times  that  the  lower  frequency  transmissions  are  attenuated  first  in 
the  daytime  when  the  diurnal  fish  patterns  are  present.  This  is  presumably  because  the  fish  shoals 
have  been  dispetsed  by  the  rough  seas,  and  this  dispersion  has  caused  the  attenuation. 
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FAST  FLUCTUATIONS 

Another  fluctuation  effect  occurs  in  the  summer  daytime  over  the  short-range  path  (3).  Dur¬ 
ing  the  night  the  envelope  of  the  pulses  is  smooth,  but  during  the  day  the  amplitude  variation  is 
considerable  and  the  envelope  is  rough,  with  » typical  period  c.f  some  minutes.  The  timing  of 
the  effect  is  closely  allied  to  the  attenuation  patterns,  suggesting  that  the  cause  again  is  fishes. 
This  effect  occurs  over  the  whole  frequency  range  and  is  most  pronounced  in  August. 

CONCLUSIONS 

It  is  hoped  that  enough  has  been  said  to  establish  the  fundamental  part  played  by  fish  atten¬ 
uation  in  all  aspects  of  shallow-water  propagation  to  medium  and  long  ranges.  There  is  the 
further  possibility  of  gaining  information  on  the  fish  populations. 
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DISCUSSION 

Battler:  I  wondered  if  you  have  marked  internal  waves  in  this  area  and  if  so,  if  you  associate  any 
of  your  effects  with  these  waves.  If  you  do  see  some  effect,  how  do  you  compare  it  with  others 
more  or  less  marked? 

Weston:  We  do  have  internal  waves  in  the  area.  We  can  see  internal  warn  of  both  the  aemkb- 
umal  tidal  period  and  of  shorter  periods,  that  is,  several  minutes.  We  can  see  acoustic  fluctua¬ 
tions  due  to  these  waves,  but  1  would  say  that  they  are  due  to  the  direct  effect  of  the  internal 
wave  in  that  one  gets  a  variable  refraction  throu^j  the  wave.  1  have  not  managed  to  find  a  tie-up 
between  internal  waves  and  fish  of  the  sort  that  you  are  hinting  at.  Incidentally,  we  can  un  scat¬ 
tering  layers  to  mark  the  internal  waves  on  occasions. 
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Smith:  Have  you  noted  any  lunar  effects  in  the  fish  behavior? 

Weston:  The  short  answer  is  “No,  we  have  not,”  and  I  think  these  are  difficult  to  look  for  be¬ 
cause  there  are  so  many  other  things  happening.  I  suspect  that  there  probably  are  such  effects, 
but  we  haven’t  identified  them. 

Van  Schuyler:  In  the  initial  portion  of  your  paper  you  talked  about  these  two  peaks,  resonant 
peaks,  that  I  believe  you  associated  with  two  particular  sized  individuals.  I  believe  you  also 
quoted  a  Q  of  2. 

Weston:  Yes. 

Van  Schuyler:  I  just  want  to  clarify  a  point.  I  may  just  have  missed  this,  but  is  this  what  you 
term  the  group  Q  rather  than  an  individual  Q? 

Weston:  This  is  effectively  a  group  Q,  and  it  allows  for  the  Q  of  the  fish,  the  spread  in  depth  of 
the  fish,  the  spread  in  size  of  the  fish,  and  anything  else  that  happens.  I’m  just  going  by  the  at¬ 
tenuation  measured  as  a  function  of  frequency. 

Van  Schuyler:  In  some  of  the  work  you  ha  /e  done,  you  talked  about  a  Q  for  a  fish  school  as  op¬ 
posed  to  a  Q  for  an  individual.  Was  the  Q  of  2  for  the  whole  fish  school,  or  were  you  associ¬ 
ating  this  with  an  individual  animal? 

Weston:  The  Q  as  measured  here  does  not  apply  to  a  compact  school  of  fish  as  such  because 
when  the  fish  are  schooled,  they  are  not  producing  a  very  large  attenuation.  It  applies  to  the  fish 
at  night  when  the  fish  are  dispersed,  they  are  dispersed  in  both  horizontal  position  and  depth, 
and  of  course  they  have  a  spread  in  size,  and  this  dispersed  group  is  what  the  Q  refers  to. 
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INTRODUCTION 

While  carrying  out  acoustic  measurements  in  the  ocean,  investigators  have  repeatedly  observed 
scattering  of  acoustic  energy  from  discontinuities  in  the  water  volume  itself.  The  most  usual 
measurement  is  made  with  a  common  source  and  receiver.  This  monostatic  geometry  detects 
backscattering,  whereas  bistatic  measurements  (separate  source  and  receiver)  detect  scattering  at 
other  angles.  The  scattering  is  generally  due  to  discrete  scatterers  in  the  water  volume;  these 
scaUerers  have  been  identified  as  biological  by  several  investigators.  The  effect  is  called  volume 
reverberation  to  distinguish  it  from  the  scattering  occurring  at  the  water  surface  and  ocean  bot¬ 
tom  and  to  distinguish  it  from  a  specific  target  of  interest  within  the  water  volume.  In  many 
cases,  particularly  those  reported  in  this  Symposium,  it  is  the  reverberation  itself  which  is  of 
primary  interest. 

The  usual  parameter  used  to  describe  the  reverberation  is  the  volume  scattering  strength- the 
scattering  area  over  4*  per  unit  volume-given  as  a  function  of  depth  and  frequency.  Many  in¬ 
vestigators  report  the  integral  of  the  volume  scattering  strength  over  the  entire  portion  of  the 
water  column  where  it  has  significant  value.  This  is  usually  the  upper  500  fathoms  (fm)  of  the 
column. 

The  authors  have  measured  volume  scattering  returns  at  1 2  kHz  during  Cruise  49  of  the  Re¬ 
search  Vessel  At lan tit  11,  during  May  and  June  of  1969,  the  Atlantis  II  steamed  from  Libya  to  the 
Strait  of  Gbraltar  and  thence  to  the  Azores.  TV  returns  were  tape  recorded,  and,  upon  being 
processed  to  give  the  integral  of  the  volume  scattering  strength,  showed  some  interesting  geo¬ 
graphical  anomalies  such  as  peaks  in  nutrient-rich  regions.  These  results  are  reported  here  in  the 
latter  part  of  this  piper. 

The  analog  instrument  used  for  this  processing  gives  the  integral  of  the  volume  scattering 
strength  in  real  time*4,  the  integral  can  be  made  between  any  two  depths  selected  by  the  opera¬ 
tor.  Barham  and  Du  Ilea  (1970)  art  nearing  completion  of  combined  analog  and  digital  systems, 
capable  of  real-time  displays  of  the  volume  scattering  strength.  Until  recently,  it  has  not  been 
possible  to  compute  and  display  scattering  strength  in  real  rime,  so  that  echo-sounder  records 
have  been  the  only  real-time  display  of  scattering. 

While  the  scattering  results  are  what  is  of  primary  Interest,  the  instrument-called  the 
Integrator-k  described  here  in  some  detail  for  two  reasons:  (1 )  this  is  the  first  reported  use  of 

•Coe  tribe  te»  NcTisfj  from  the  Woods  Hole  Ocaanopaptnc  UuUtstewi. 

••RaeMiae  measure  menu  were  made  with  this  tastnimeat  durkrs  Cruise  I  nt  the  Research  Vessel  Kmorr  is 

May  1970. 
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an  instrument  which  the  authors  intend  to  use  during  future  cruises,  and  (2)  the  description  per¬ 
mits  readers  to  evaluate  the  technique  and  its  errors  for  comparison  of  the  data  with  that  of 
other  workers. 

THEORETICAL  BACKGROUND 

Adequate  theoretical  background  for  the  measurement  of  the  volume  scattering  strength  with 
a  piston-type  transducer  is  given  by  Machlup  and  Hersey  (1955),  Hersey  and  Backus  (1962),  and 
the  National  Research  Council  (1947).  Equation  30  from  Hersey  and  Backus  (1962)  (combined 
with  the  unnumbered  equation  on  page  524)  gives  the  pressure  pit)  scattered  back  to  the  re¬ 
ceiving  transducer.  It  is 

p*(t)  88  =  — -  —  -4“  r0a/3  f  s  (rcos0)6J  (6)sxnddQ,  (1) 

<  7 

Most  of  the  temu  in  this  equation  are  defined  in  Fig.  1 .  In  addition,  F(r )  is  the  open-circuit 
received  voltage  at  the  transducer  and  B/t  is  the  receiving  sensitivity  st  fQ  3  12  kHz. 

sv  (f,  0,  <p )  is  the  volume  scattering  strength*  at  a  position  defined  by  r,  6,  <f>.  It  is  the  cross- 
sectional  area  per  unit  volume  of  scatterers  effective  in  removing  energy  from  the  incident  beam 
and  returning  it  into  a  unit  solid  angle. 

a  and  (3  are  terms  not  found  in  Eq.  30  of  Hersey  and  Backus  (1962).  That  derivation 
assumes  that  the  outgoing  pulse  has  an  idea]  boxcar  shape  (see  Fig.  1)  of  peak  amplitude  Pt. 

IXie  to  transducer  characteristics  the  actual  pulses  generated  had  more  the  teardrop  shape  shown 
in  the  top  right  of  Fig.  1 .  If  the  peak  of  the  teardrop  is  P»,  then  the  teardrop  will  have  less 
energy  than  the  boxcar,  a  is  just  the  ratio  of  these  two  energies  and  is  used  to  correct  the  source 
level  in  the  experiments  reported  here. 

$  is  a  filter  corrective  factor  compensating  for  the  filters  in  the  processing  system.  They  are 
a  little  narrower  banded  than  the  ideal,  which  would  pan  most  of  the  energy  in  the  source  pulse. 

The  assumptions  necessary  in  the  derivation  of  Eq.  1  are  found  in  the  literature  (Hersey  and 
Backus,  1962;  National  Research  Council,  1947;  Urick,  1967),  Some  that  seemed  particularly 
important  in  the  operation  of  the  Integrator  are  discussed  here. 

1 .  There  must  be  enough  scatterers  in  the  volume  insonified  by  the  pulse  that  the  scattered 
return  represents  an  average  property  of  the  water  volume  rather  than  the  return  from  a  few 
individual  targets.  The  Integrator  averages  variations  from  pulse  to  pulse  by  summing  the  returns 
from  100  separate  pulses. 

2.  r  must  be  >  cr0/2  so  that  source  intensity  does  not  change  significantly  over  pulse 
length.  For  pulse  length*  r0  of  2.67  msec  the  inner  range  limit  has  been  set  at  20  msec  of  two- 
way  travel  time. 

3.  Attenuation  in  the  1 2-kHx  signal  Is  ignored,  introducing  errors  generally  lea  than  1  dB. 

4.  To  determine  sy>  it  must  be  removed  from  under  the  integral  sign.  Since  the  transducer 
beam  pattern  bid)  is  not  infinitely  sharp,  sp(t)  is  averaged  over  some  finite  depth  interval, 
that  interval  increasing  Uneariy  with  depth: 


•Tboaa  referring  to  Heraay  and  Backus  (1962)  wUl  nota  that  r>(  the  prtaaat-day  tymbol  for  the  vohuat 
scattering  strength,  has  been  wbadtated  for  m  used  in  that  paper.  Tha  *»  it  Hut  paper  h  the  rest  taring 
strength,  not  coefficient  despite  normal  usage.  as  is  made  dear  by  rWeraooa  to  pp.  2  and  4  of  Machhtp  and 
Haney  (1955). 
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Figure  1.  The  geometry  for  integrator  scattering  measurements 


f  $v(rco$8)b*(8)sin0d3  =  <sv(z)>  f  b*(0)sin Odd,  (2) 

Jo  Jo 

The  brackets  <  >  are  meant  to  emphasize  that  sv(z )  is  averaged  over  a  depth  interval. 

A  failure  to  appreciate  the  significance  of  the  b2(0)  sinC  integral  can  result  in  errors  in 
setting  the  depth  of  fishing  nets  in  relation  to  the  scattering  layers.  In  Fig.  2,  notice  that  there 
is  no  contribution  to  the  integral  at  zero  degrees,  the  direction  of  maximum  intensity  in  b(0). 
This  is  because  the  volume  element  which  depends  on  sin  8  gees  to  zero  as  can  be  seen  in  the 
right-hand  portion  of  the  figure.  Rather  the  angle  corresponding  to  maximum  return  is  closer 
to  0max  *  12  degrees,  r ,  the  slant  range  to  the  layer  at  0mtx  =  1 2  degrees,  might  be  inter¬ 
preted  as  its  depth  z  as  shown  at  the  top  left  in  Fig.  2.  The  difference  r-zjr  x  1  -  cos  8  is  a 
measure  of  the  fractional  depth  error,  only  1  -  0.98  *  0.02  for  the  1 2-kHz,  UQN.  However, 
depth  errors  for  scattering  layers  measured  usiRg  transducers  with  broader  directivity  patterns 
could  be  sizable. 


INTEGRATOR  DESIGN 

Combining  Eqs,  1  and  2  and  integrating  over  the  depth  interval  Zy  to  gives  the  integral 
of  the  volume  scattering  strength: 
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6  IN  DEGREES 

Figure  2.  Directivity  characteristics  of  the  12-kHz  UQN  transducer 


<•%(*)  ><fr  * 


(3) 


The  Integrator  is  an  analog  instrument  which  evaluates  this  equation.  It  incorporates  one  addi¬ 
tional  feature,  the  summing  of  100  successive  integrations,  to  give  an  average  value  of  the 
integral; 


T5o  Lj  I 

M  Jtx 


(4) 
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Figure  3,  the  Integrator  block  diagram,  is  laid  out  in  Five  major  segments-pulse  generation, 
received  signals,  timing,  signal  processing,  and  display.  The  quantities  in  parentheses  are  vari¬ 
ables  or  parameters  found  in  the  Sj,(z)  equation. 

For  instance  in  the  transmit  section,  a  reference  time  necessary  to  correct  for  spherical 
spreading  is  generated,  and  source  pulse  shape  is  measured.  The  transducer  is  calibrated  at  the 
end  of  the  cruise.  By  using  reference  hydrophones,  it  was  determined  that  the  voltage  magnitude 
and  shape  across  the  calibration  resistor  of  a  particular  transducer  are  linearly  proportional  to 
the  pulse  in  the  water.  Thus  oscilloscope  photos  of  this  voltage  during  the  cruise  provide  a 
calibration  in  source  level,  namely  Po  and  a.  Any  variation  is  minimized  by  driving  the  trans¬ 
ducer  with  a  tone  burst  generator.  There  is  always  the  problem  of  changes  in  transducer  char¬ 
acteristics  such  as  aging  during  the  cruise.  However,  quenching  was  not  a  problem  since  data 
were  collected  while  hove  to  in  low  sea  states. 

The  receive  section  gives  a  V(t)  which  contains  both  the  scattering  return  and  noise.  In  addi¬ 
tion  an  electronics  calibration  signal  is  injected  at  this  point.  Transducer  calibration  at  a  later 
time  gives  Bfo ,  the  receiver  sensitivity. 

The  timing  section  generates  a  signal  gate  at  Uiaes  ty  and  f2  after  tQ,  corresponding  to 
Zy  and  z2-  In  addition  a  ramp  voltage  proportional  to  t  is  generated  and  used  to  correct  for 
spherical  spreading.  The  timing  section  also  counts  the  total  number  of  integrations  and  shuts 
the  system  down  when  either  40  or  100  is  readied. 

Signal  processing  is  straightforward.  First  there  is  a  gate  to  remove  the  outgoing  pulse  from 
the  receive  transducer—to  prevent  amplifier  overload.  Note  that  there  is  die  option  of  either 
tape  recording  or  direct  processing.  An  amplifier,  tuned  to  match  the  source  spectrum  of  the 
2.67-msec  source  pulse,  removes  much  of  the  broadband  sea  noise.  The  signal  is  next  gated  in 
the  interval  ty  to  f2.  It  is  then  multiplied  by  the  ramp  voltage  in  a  Philbrick  analog  multiplier. 
Squaring  follows  and  then  integration,  using  a  high  quality  capacitor  as  feedback  element  in  an 
operational  amplifier  circuit.  Not  only  does  the  capacitor  integrate  a  particular  scan,  but  it  sums 
all  100  scans.  Readout  is  on  a  digital  voltmeter. 

There  follows  some  further  manipulation  of  Eq.  3.  The  final  equation  will  relate  readings  on 
the  digital  voltmeter  to  the  value  of  the  volume  scattering  strength  integral. 

DVM  (Signal)  *  digital  voltmeter  reading  when  scattering  signal  return  is  processed 

DVM  (Cal)  =  digital  voltmeter  reading  when  a  calibration  signal  of  1  mv  rms  is  applied 
across  a  calibration  resistor  at  the  receive  transducer 

K  =  constant  of  proportionality  between  signal  at  receive  transducer  and  the 
digital  voltmeter  reading 


DVM  (Signal) 


V?  (Sig,  t)  tl  dt 


(5) 


Pdt. 


DVM  (Cal) 


^(Qi 100X  10'* 


(6) 


SCATTERING  RETURNS  IN  THF  MEDITERRANEAN 


225 


Combining  Eqs.  3  through  6  gives  a  100-sample  ensemble  average  of  the  integral: 


[7* 

I  <  S, 

J*\ 


( z)>dz 


ensemble 

average 


100 

=-l£ 

100 

r2 

I  <  S  (z)  >  dz 

Jz  1  !  » 

h 
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(Signs!)  x  joo  x  IO*6 
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ToQ! 


8rrl04 
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P-'  .  (7) 


Then,  taking  10  log  and  evaluating  each  term  yields 
Jz 


10  log 


LX 


<sv  (z)>dz 


=  10  log  DVM  (Sig)  -  10  log  DVM  (Cal)  -60+10  log 


ens. 
—i  av. 


t  a 3  -  ti  r  -i 

— - +  77.9  +  \-  107.7  +  25.8  -  10  log  aj 

_  3 


+[49.5]  +  [  i 5 . l]  +  1 .0  =  iO  log  DVM  (Sig) 

- 10  log  DVM  (Cal)  +  10  log  [r2  3  -  f , 3  ] 

-10  log  a -3.2  (8) 

a  is  1/3.  The  factor  3.2  dB  applies  only  for  the  particular  source  levels  and  receive  sensitivities 
in  the  transducers  during  Cruise  49  of  Atlantis  II. 

ERROR  AND  ANALOG  PROBLEMS 

One  serious  problem  was  insuring  that  voltages  were  within  the  proper  operating  range  for 
the  analog  components.  The  multiplier  works  best  when  both  voltages  are  large.  However  with 
spherical  spreading,  the  t  ramp  is  small  when  the  F(t)  signal  is  large  and  vice  versa.  The  first  step 
was  dividing  the  processing  interval  into  two  segments:  0.02  to  0.1  sec  and  0.1  to  1  sec.  Then 
the  ramp  peak  and  the  maximum  V(r)value  were  adjusted  to  just  short  of  saturation  levels.  Gen¬ 
erally  the  Integrator  gave  the  same  answer  within  ±2%  over  a  4-dB  range  in  the  attenuator  used 
to  set  theK(r)level.  Outside  this  range  the  deviation  would  increase. 

Reproducibility  is  quite  good.  The  same  answer  is  found  within  11/2%  for  a  given  signal 
processed  repeatedly  under  the  same  conditions.  The  primary  source  of  error  is  jitter  in  fj  and 
*2 .  a  resolvable  problem. 
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NOTE:  1.  Numerous  Monitor  Points  Incorporated.  2.  Quantities  In 
Psrenthsees  are  Parameters  and  Variables  In  Analytical  Equations. 


Figure  3.  Integrator  bloc!:  diagram.  Numerous  monitor  points  have  been  incorporated. 
Quantities  in  parentheses  are  parameters  and  variables  in  analytical  equations. 


Noise  is  an  important  factor  in  the  overall  error  of  the  system.  Noise  is  measured  during  each 
data  run  and  processed  over  the  same  t  j  -  interval  as  that  used  for  the  scattering  return.  The 
digital  voltmeter  reading  corresponding  to  this  noise  power  is  then  subtracted  from  the  volt¬ 
meter  reading  for  scattering  signal  plus  noise  power  described  in  Eq,  5.  It  is  this  noise-corrected 
signal  which  was  used  in  Eq.  8  to  give  the  ensemble  average  of  the  volume  scattering  strength 
integral.  This  procedure  is  that  normally  followed  when  noise  data  are  available.  For  a  simple 
squarer,  this  correction  would  be  the  one  appropriate  for  an  infinite  ensemble,  and  hence  the 
best  guess  for  the  finite  sample  of  100  scans. 

However,  in  this  instrument  and  perhaps  in  others,  this  procedure  gives  a  low  estimate  of  the 
noise  correction  as  was  shown  by  a  simple  test.  A  12-kHz  sine  wave  as  signal  and  nearly 
Gaussian  noise  were  combined  in  a  passive  adder  and  processed  in  three  ways:  signal,  noise,  and 
signal  plus  noise.  The  digital  voltmeter  reading  for  signal  phis  noise  was  always  greater  than  that 
given  by  summing  the  readings  for  signal  power  plus  noise  power,  whereas  one  would  have 
expected  it  to  be  sometimes  greater,  sometimes  less:  greater  when  the  cron  products  of  signal  and 
noise  created  by  the  squarer  are  greater  than  zero,  leu  when  the  cron  products  are  leu  than  zero.* 

The  probable  cause  of  this  anomaly  is  the  imperfect  performance  of  the  squaring  unit  which 
has  a  dynamic  range  of  34  dB.  Weak  noise  signals  are  not  properly  processed. 

In  the  experimental  results  reported  in  the  following  section  noise  power  was  very  low,  so 
that  the  errors  introduced  by  improper  correction  will  be  small  -  leu  than  2%. 

•The  details  of  the  signal-to-noise  characteristics  of  a  perfect  squarer  an  found  in  Davenport  and  Root  (1958). 
The  contribution  of  the  cross  products  of  signal  and  noise  to  the  deviation  from  the  mean  power  are  discus¬ 
sed;  however,  these  cross  products  do  not  affect  the  mean  power. 
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Other  errors  in  the  system  are 

1.  Averaging  of  s^z)  over  depth  described  in  Eq.  2. 

2.  Errors  in  the  calibration  of  source  and  receiver  which  could  be  ±2.5  to  3  dB.  This  affects 
the  comparison  of  results  with  other  investigators,  and  of  results  in  two  different  cruises.  It  is 
not  significant  in  comparing  results  within  a  cruise.  There,  relative  errors  are  around  ±  1  dB. 
Values  may  also  be  low  in  an  absolute  sense  by  up  to  1  dB  since  there  is  no  correction  for 
attenuation. 

RESULTS  FROM  CRUISE  49  OF  ATLANTIS  II 

Taped  records  at  12  kHz  taken  during  Cruise  49  of  the  Research  Vessel  Atlantis  II  from  a 
point  near  Libya  to  the  Azores  during  May  and  June  of  1969  have  been  processed.  Measure¬ 
ments  were  made  between  2  and  3  pm.  local  time  each  day,  at  silent  ship.  Figure  4  shows  the 
track  and  values  of  the  $v(z)  integral  in  the  range  of  0.1  to  1  second  of  two-way  traveitime,  that 
is,  a  depth  range  of  75  to  750  m.  The  numbers  are  in  decibels  and  are  offset  by  34  dB  to  better 
demonstrate  the  variation.  Between  extremes  over  the  track,  there  is  a  range  of  17.5  dB.  It  is 
— 36  dB  near  Azores,  1 2  dB  higher  than  typical  values  for  this  integral  found  by  Ms.  shill 
and  Chapman  in  the  western  North  Atlantic  in  the  range  of  6.4  to  12.8  kHz  (Chapman  and 
Marshall,  1966).  It  is  uncertain  whether  this  is  a  real  difference  or  is  somewhat  a  consequence  of 
the  fact  that  the  results  of  two  very  different  experimental  geometries  are  being  compared. 
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Figure  4.  10  log  j  «,(t)  <&  +  34  DB  along  the  track  of  cruise  49  of  Atlantis  II  in  the 
' 1  depth  interval  73  to  730  meters 

The  measurement  off  Libya  is  in  question  since  it  was  the  first  of  the  cruise  and  was  subject 
to  more  errors.  The  peak  near  the  Strait  of  Gibraltar  is  understandable  from  the  known  rich¬ 
ness  of  that  area.  However,  the  peak  near  Stromboli  is  an  interesting  anomaly.  According  to 
E.  F.  K.  Zarodzki  (1970)  the  Mediterranean  near  Strombob  has  unique  qualities;  there  is  under¬ 
water  heating  due  to  volcanic  activity,  and  the  area  is  a  strong  focus  for  sword  fisherman.  Per¬ 
haps  vertical  mixing  due  to  heating  at  the  bottom  in  this  small  region  results  in  an  area  of  high 
productivity  accounting  for  the  peak  in  scattering. 

Figure  5  is  another  plot  of  the  data  found  in  Fig.  4.  The  offset  value  of  the  sr(s)  integral  is 
{dotted  against  distance  messured  between  acoustic  stations  along  the  track,  s  trade  chosen  to 
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sample  various  parts  of  the  Mediterranean  and  eastern  Atlantic  waters.  The  plot  serves  three 
purposes:  (1)  it  displays  more  clearly  the  character  of  the  variation  in  the  data,  particularly  in 
massing  from  one  region  to  another,  (2)  it  facilitates  the  comparison  with  Fig.  6  made  below, 
and  (3)  it  shows  that  the  major  daytime  scattering  is  between  75  and  750  m  and  not  in  a  shallow 
dominant  layer.  The  upper  curve  is  for  the  time  interval  0.1  to  1  second  or  75  to  750  m  in 
depth.  The  lower  is  for  the  interval  0.02  to  0.1  second  or  15  to  75  m  in  depth.  (Four  data 
points  are  restricted  to  the  interval  0.035  to  0.1  sec.)  The  processed  value  at  each  station  is 
represented  by  the  dots;  these  dots  have  been  connected  by  straight  lines  to  facilitate  reading 
the  curve.  However,  one  should  not  infer  that  these  straight  lines  accurately  represent  scattering 
values  between  stations,  since  local  “hot  spots,"  such  as  that  found  near  Stromboli,  might  have 
caused  significant  deviations. 

The  lower  curve,  for  near  surface  scatterers,  shows  structure  markedly  different  from  the 
upper  curve.  There  is  a  general  downward  trend  from  Stromboli  all  the  way  west  to  the  Azores. 
East  of  Stromboli,  within  the  eastern  Mediterranean,  there  is  a  sharp  drop. 

Figure  6  summarizes  the  character  of  the  scattering  as  seen  on  the  graphic  recorder  at  each 
acoustic  station.  The  horizontal  axis  is  the  same  as  in  Fig.  5.  The  vertical  axis  is  depth  and  the 
plots  indicate  relative  intensity  over  depth  of  the  scattering  returns.  The  width  of  each  block  is 
a  rough  measure  of  the  relative  darkening  of  the  record.  Darkened  rectangles  are  representative 
of  diffuse  scattering,  while  the  hollow  ones  represent  the  crescent  or  irregular  echoes  representa¬ 
tive  of  individuals  or  schools. 

One  interesting  feature  is  the  general  rise  in  the  bottom  of  the  deepest  layer  as  one  approaches 
the  Strait  of  Gibraltar  from  the  east.  At  the  station  closest  to  the  Strait,  still  some  70  mi  away, 
the  bottom  of  the  deepest  layer  is  at  340  m,  the  shallowest  of  any  station,  while  the  bottom  is 
at  840  m.  The  sill  depth  is  300  m  (Leroy,  1967).  The  upper  water  is  Atlantic  water,  the  lower 
the  more  saline  Mediterranean,  specifically,  the  Levantine  water  (Wust,  1961).  This  Levantine 
water  attains  velocities  of  100  cm/sec  at  the  Strait  at  275  m  (Wust,  1961).  Perhaps  the  12-kHz 
scatterers  in  the  region  of  the  Strait  find  the  lower  Mediterranean  water  inhospitable  to  them. 

It  is  a  question  worthy  of  further  examination. 

Recently,  Barradough,  LeBrasseur,  and  Kennedy  (1969)  discussed  the  relative  darkening  of 
echo-sounder  records  along  a  crostPacific  track  and  coupled  it  with  a  discussion  of  biomass. 
They  limit  themselves  to  three  categories  of  echo-sounder  record-dense,  patchy,  and  absent-in 
suggesting  possible  biomass  variations. 

Such  measurements,  based  on  echo-sounder  records  alone,  may  be  deceptive.  Reference  to 
the  echo-sounder  records  of  Cruise  49  would  lead  one  to  erroneous  conduct*  concerning 
scattering  strength,  let  alone  biomass.  In  Fig.  6  the  strongest  returns  appear  to  be  in  the  western 
part  of  the  track,  and  the  weakest  in  the  central.  Yet,  exactly  the  opposite  in  measured  scatter¬ 
ing  strength  is  seen  in  Fig.  5. 

This  unreliability  in  using  uncalibrated  echo-sounder  records  as  a  predictor  of  scattering 
strength  from  one  day  to  the  next  should  come  as  no  surprise;  there  are  too  many  variables  af¬ 
fecting  the  quality  of  the  records  such  as  noise  level  and  amplification. 
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DISCUSSION 

Hanrahm:  Paul,  did  I  understand  you  to  say  that  the  minimum  depth  at  which  you  see  volume 
scatters  la  225  ft,  or  75  m,  because  of  the  blank  in  time  of  the  receivers. 

McEtroy:  You  are  talking  about  this  last  tbde? 

Hanrahm:  I  think  midway  through  the  paper  you  said  that  you  w ere  looking  at  the  scattering 
from  a  depth  of  75  m  to  something  far  the  neighborhood  of  a  1000  ft. 

McEtroy:  The  maximum  depth  was  750  m,  75  to  750  m.  At  least  as  far  as  our  echo-sounder 
records  were  concerned,  at  this  particular  frequency,  which  was  12  Ufa,  there  was  no  indication 
on  those  records  or  on  the  oedlioscope  photos  of  anything  below  that  depth.  But  the  last  slide 
(Figure  6)  shows  the  distribution,  and  It  extends  pretty  weD  down  to  the  maximum. 

Hanrahm:  Well,  the  point  of  my  question  is  the  minimum  depth  at  which  you  see  the  scattering. 
Am  you  not  limited  to  something  on  the  order  of  100  ft -you  only  see  thorn  scatterers  below 
100  ft? 

McEtroy:  Yea,  Just  because  of  the  blankly.  overloading,  and  soon.  We  tried  to  minimize  that 
problem  as  town  in  the  block  diagram.  We  had  a  gata  right  at  the  very  beginning  which  was 
designed  to  remove  the  outgoing  pulas.  I  dsouid  mention  specifically  that  we  uasd  two  different 
transducers.  We  tranamit  onoos  and  reoeive  on  another,  so  that  we  wers  able  to  dirink  that 
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gate  time  quite  a  bit.  Our  shortest  gate  time  is  looking  at  things  after,  say,  20  msec,  which  is  a 
two-way  distance  of  50  ft,  but  I  think  that  is  reasonable  just  because  we  could  see  differences 
from  day  to  day  by  using  the  gate.  It  was  only  because  we  used  the  gale  and  could  protect  our 
electronics  that  we  could  do  this. 

Hanrakcm:  My  concern  is  that,  in  a  place  like  the  Mediterranean,  unless  your  recovery  time  is 
sufficiently  fast  so  you  can  see  from  30  ft  on  down,  an  echo-sounder  will  give  you  a  very  opti¬ 
mistic  value  for  scattering  strength.  There  is  work  by  La  Spezia  showing  that  the  predominant 
scattered,  around  3.5  kHz  at  least,  come  up  to  a  depth  of  about  20  ft  at  night. 

McElroy:  Yes,  I  think  part  of  the  questions  on  the  recovery  time  of  the  transducer  may  be 
taken  care  of  by  the  fact  that  we  are  using  a  different  transducer  to  receive.  There  if  no  recovery 
time  of  uhe  electronics  because  I  do  not  hit  them  with  too  hard  a  signal. 

Batzler:  Have  you  seen  successful  in  using  this  instrument  underway? 

McElroy:  No,  but  I  think  that  we  are  at  that  point  now.  We  have  taken  unprocessed  data  at 
tea  and  run  it  through  the  instrument  later.  The  real  issue  in  running  signals  through  it  is 
whether  you  can  believe  what  you  get.  The  time  we  spent  on  our  tape  records  has  essentially 
developed  some  criteria  in  our  own  minds  which  would  permit  us  to  do  a  more  intelligent  job  of 
using  it  underway.  Of  course  the  problem  under  way  is  that  you  get  one  crack  at  it.  You  have 
to  set  things  up  properly  to  process  within  the  selected  time  interval.  With  tape  records  you  can 
run  over  and  over. 

Batzler:  I  am  not  familiar  with  integrated  scattering  strengths  in  these  areas,  but  if  1  interpreted 
your  numbers  correctly,  these  seem  low  to  me. 

McElroy:  That  is  correct.  Quite  frankly,  they  seem  low  to  me,  and  I  spent  a  fair  amount  of 
time  going  over  the  equations  making  sure  I  was  defining  terms  properly  to  see  whether  I  left 
out  a  factor.  That  is  still  bothering  me.  For  instance,  just  to  amplify  that  point,  the  maximum 
value  of  the  integrated  coefficient  over  the  1-sec  time  was  around  -61  dB.  If  you  take  Chapman 
and  Marshall’s  data  from  the  western  North  Atlantic  in  the  frequency  range  6.4  to  12  J  during 
daytime,  their  value  is  -48  dB.  lam  bothered  by  it,  and  I  do  not  know  why  at  this  point. 

Battler:  A  lot  of  people  have  been  bothered  by  things  like  thk  in  scattering.  Maybe  the  third 
comment  is  the  most  important.  Although  you  defined  it  clearly,  you  have  qraken  of  scattering 
coefficient.  1  believe  that  if  we  go  back  far  enough  historically,  it  is  scattering  strength  that  you 
are  talking  about. 

McElroy  Yes.  I  am  referring  to  scattering  into  a  unit  solid  angle  rather  than  into  4».  I  made 
sure  I  was  not  off  by  the  4tr  factor,  although  If  I  had  been,  it  would  have  reduced  my  scattering 
strengths  rather  than  increase  them. 

Battler:  I  am  eire  you  did  not  confuse  any  of  the  people  who  have  bean  working  in  this  field, 
but  just  let  me  emphasize  that  we  talk  about  scattering  coefficient,  we  talk  about  scattering 
strength,  and  we  talk  about  column  strength.  The  column  strength  is  integrated,  the  scattering 
strength  is  what  you  talked  about,  and  the  scatterfcxg  coefficient  is  different  by  1 1  decibels. 

McEboy:  Right.  It  is  the  4»  factor. 
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ABSTRACT 

A  brief  outline  of  a  genenft  theory  of  reverberation  and  similar  types  of  first-order 
scattering  is  presented.  The  scatter  propagation  is  expressed  as  a  Poisson  process  in  space 
and  time  and  includes  volume  and  surface  reverberation  for  genend  geometries  and  nono¬ 
static  and  bistatic  operation  and  for  a  variety  of  physical  conditions.  A  summary  of  the 
approach  used  in  the  construction  of  the  theory  is  given  as  well  at  some  quantitative  results. 

Scatterer  structure  is  then  discussed  in  relation  to  general  mathematical  models. 

INTRODUCTION 

A  statistical  theory  of  reverberation  and  similar  first-order  scattered  fields  has  been  developed 
from  the  assumption  that  primary  (i.e.,  first-order)  scattering  is  the  principal  mechanism, 
whether  causer*  by  organic,  inorganic,  or  geometrical  effects  or  their  combinations  (Middleton, 
1967,  1972).  In  this  paper,  we  present  a  very  short  summary  of  some  of  the  principal  concepts 
th 't  ?’  s  pertinent  in  various  aspects  to  the  problems  encountered  in  the  measurement  and  inter- 
urrt  >  k.  n  of  scattering  phenomena  observed  in  the  ocean.  The  motivation  for  this  work  comes 
c  vrr  *Uy  from  the  field  of  statistical  communication  theory  (SCT),  which  is  concerned  pri¬ 
marily  with  the  transfer  and  processing  of  information  from  one  point  in  space-time  to  another 
(Middleton,  I960),  and  where  in  applications  like  the  present,  one  must  deal  with  'pace-time 
fields,  not  with  tine  processes  alone  (Middleton,  1970).  Because  measurement  and  observation 
arc  communication  processes  in  this  broad  sense,  it  is  entirely  natural  that  the  methods  and 
ideas  ot  SCT  should  prove  essential  in  both  the  investigation  of  the  physical  details  of  scat’er 
mechanisms  and  the  inevitable  and  often  formidable  problems  of  data  processing  that  follow  upon 
data  acquisition.  In  brief,  oar  task  is  to  develop  a  model  of  the  scatter  process  (Middleton,  196T, 
1972)  that  will  adequately  account  for  such  controlling  factors  as  geometry  and  propagation  and 
will  permit  us  to  examine  the  scatter  process  itself.  Coupled  with  this,  of  course,  there  must  be 
appropriate  experimental  acquisition,  support,  and  interpretation.  Here  theory  and  experiment 
mutually  reinforce  each  other -the  former  providing  the  “macrostrocture"  (the  general  proptea- 
tion  model)  and  the  latter,  the  ‘m*c  restructure"  (the  physical  detail  and  properties  of  the  scanners 
themselves,  which  must  te  phenomenologically  introduced  into  the  former).  In  this  regard,  the 
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many  studies  of  the  biological  scattering  mechanisms  presented  in  this  volume  provide  essential 
data  for  the  mathematical  modeling  of  the  effects  of  typical  scatterers.  In  return,  we  expect  that 
these  analytical  models  may  offer  needed  quantitative  apparatus  for  experimental  design,  data 
processing,  and  interpretation. 

A  SUMMARY  OF  THE  APPROACH 

Let  us  begin  with  a  very  brief  account  of  the  approach  used  in  the  construction  of  the  theory. 
The  details  are  amply  developed  by  Middleton  (1967,  1972)  with  many  references  to  current 
and  previous  work  therein  for  those  wishing  to  pursue  these  matters  further. 

The  scatter  propagation  is  expressed  as  a  Poisson  pr^  ;ess  in  space  and  time.  Both  volume  and 
surface  re  erberation  are  included  for  general  geometries  and  monostatic  and  bistatic  operation 
(in  the  far  acid)  and  for  a  variety  of  physical  conditions.  These  are  principally  zero  and  non¬ 
zero  (vertical)  velocity  gradients,  scatterer  and  platform  dopplers,  multiple  reflections  from  sur¬ 
face  and  bottom,  and  absorption  in  the  medium  (as  well  as  in  the  scatterer).  The  medium 
(ocean)  in  this  case  is  characteristically  dispersive  because  of  random  scatterer  and  platform 
motion  and  the  presence  of  nonzero  velocity  gradients  (when  turning  points  in  the  ray  paths 
occur).  The  scatter  mechanism  is  expressed  canonically  as  a  time-varying  (linear)  stochastic 
filter,  whose  properties  may  depend  on  location  and  direction  of  “illumination,”  as  well  as  upon 
an  intrinsic  biological  or  inorganic  structure.  The  model  is  “macroscopic”  in  that  simple,  equiv¬ 
alent  point  scatterers  are  used  to  represent  the  actual  scattering  objects  (and/or  interfaces  be¬ 
tween  water,  air,  and  bottom).  The  coupling  of  the  signal  source  to  the  medium  is  represented 
by  general  transmitting  and  receiving  apertures  (arrays),  which  can  be  frequency  dependent. 

Both  broadband  and  narrowband  illuminating  signals  axe  considered. 

Next,  a  combination  of  ray  theory  and  wave  theory  is  used  to  obtain  the  typical  form  (in 
space-time)  of  the  scattered  radiation  for  general  sources  and  geometries.  The  ray-theory 
approach  gives  us  the  geometric  bounds  on  the  propagation,  while  wave  theory  provides  the 
more  detailed  physical  structure.  Ultimately,  our  useful  observables  are  statistical-the  means, 
covariances,  and  probability  distributions  of  the  resultant  received  scattered  process  X(t) 

These  are  obtained  by  suitable  avenging  (under  the  original  Poison  assumption).  For  suffi¬ 
ciently  dense  scattering,  the  resultant  process  is  gaussian,  so  that  the  process  covariance  Kx(t ,,h) 
gives  essentially  a  complete  statistical  description.  In  any  case,  the  mean  <X(t)>  and  'he 
covariance  rj)*<JT(f | )JT(/j)>  - <X(tyy><X(tjy>  are  among  the  most  important 

macroscopic  quantities  to  be  estimated  experimentally;  and  through  them  in  'um  the  intrinsic 
or  “microscopic'’  properties  of  the  scattering  mechanisms  may  be  explored;  i.e.,  their  doppler, 
filter-response  parameters  (Q,  resonant  frequency),  cross  section  (eg.,  level),  absorption,  etc. 

A  corollary  question  of  centra!  importance  in  (foaling  with  data  is  the  validity  (physically,  the 
stability  '  ie  underlying  physical  mechanism)  of  the  experimental  data  enaemhfo  from  which 
we  srsk  ,  ake  our  statistical  estimates.  We  must  test  for  this  validity  before  going  on  to  other 
statist^  .teasures.  This  in  turn  requires  a  tighter  hold  on  “ground  truth"  than  heretofore,  if 
the  data  are  to  be  interpreted  reliably  (Middle  ion,  1969). 

Of  particular  importance  to  operational  tasks,  tnc hading  seasurement.  is  the  fact  that  the  scat¬ 
ter  processes  ere  themadves  noosutkmary  end  often  noogautsian  Noovantshing  means  repre¬ 
sent  specular  (i  e.,  coherent)  scattering  cvailaofo  practically  mtly  in  the  specular  direction  when 
the  interface  or  scattering  layers  are  sufficiently  smooth.  Also  critical  ts  the  vertical  speed  pro¬ 
file  with  depth,  because  deviations  from  zero  gradient  can  radically  alter  the  propagation  paths 
and  hence  the  volume  and  surface  domains  of  illuminated  scatterers.  This  is  illustrated  by  such 
varied  modes  as  sound  fixing  and  ranging  (I90FAR),  convergence  zone  (CVZ),  surface  duct.  (3D), 
bottom-bounce  propagation,  and  combinations  of  these  (djaciuaed  with  examples  in  Middleton 
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(1967,  1972),  Part  III).  Again,  geometry  is  controlling  because  one  needs  to  know  w?.*rc,  and 
would  like  to  determine  what,  the  scatter  mechanisms  are.  The  formulation  of  the  theoretical 
mode!  is  broad  enough  to  permit  us  to  band'c  complex  operational  conditions  ar,d  to  provide 
needed  structure  for  experimental  design  aud  evaluation  of  the  results,  as  well  as  for  the 
optimization  or  near  optimization  of  the  systems  (signals,  apertures,  geometries)  employed  to 
obtain  the  desired  data. 

SOME  QUANTITATIVE  RESULTS  FOR  TOE  RECEIVED  SCATTERED  FIELD* 

The  basic  wave  equation  gover^  -g  propagation  in  an  ocean  with  absorption  and  vertical  (z-) 
inhomogeneity  in  the  propagation  speed  c  is 

/ 1  +  a  JL  \  ^2  p - L  P2P.  - 1  -Gf(t£  ) ;  in  source  domain  I 

l  c3(z)  dt  J  c2(z)  3f2  )  0  ;  outside  source  region  ( 


where  p{t,  R)  is  the  ambient  pressure  field  at  a  point  P(R),  measured  from  the  origin  (0.f) of  the 
primary  (rectangular)  coordinate  system  centered  on  the  transmitting  aperture;  R  =?x  x  +  iy  y 
+  Tz  z  is  the  vector  from  0T  toP  (R),  and  V  2  is  the  usual  Lapiacian  operator.  Here  GT  (t£  )  is 
the  source  function 

<?r  (/,*)*  r  ArfoflStoV'DJ'*#.  (S.-2 «f),  (2) 

in  which  AT($,j)  is  the  aperture  weighting  of  the  transmitter,  and  Sin(f  ,  £)is  the  amplitude 
(spectrum)  of  the  driving  signal,  applied  to  element  d£  (at  {)  of  the  aperture.  The  far-field  solu¬ 
tion  of  (1)  (valid  within  the  conditions  of  the  WKB  approximation)  is** 


Pit,  R) 


— ! —  f 

♦»!0(R)J, 


!•+</ 


i#i*d 


(sEj)-  («)  I 


RVc'rt,~T8o) 


is 

2ni 


(3) 


•From  Middleton  1967,  1972,  Part  111. 

••When  the  angles  of  the  rays  emitted  from  (and  recehedby)  the  aperture  nufaces  are  not  close  to  */2  (Le., 
art  not  near  the  horizontal)  we  must  replace?^)  and  I^/Cq  In  (3)  and  (6)  by  -ajiada^, 

(1/cq)  K  (approx.)  unit  vectors  in  tne  directions  of  the  ray,  emitted  and  received  at  die  respective 
ipenuret;*^  ■  e^for  monostatic  operation.  See  Part  111  of  Middleton  (1967, 1972)  for  details. 
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where  for  frequencies  below  O  (4  xlO4  Hz) 


Here  c0  is  the  sound  speed  at  Of  rfl  =  rQ  (R),  and  £q  =  £Q(R)  are  respectively  the  time  along 
the  path  taken  by  the  wavefront  going  from  Or  to  pfc)  and  this  path  length.  The  explicit  forma 
of  20>  r0  of  course  depend  on  c(z)  (and  thus  on  Vc)  and  depth;  for  the  convenient  approxirnc- 
tion  of  die  speed  profile  by  linear  segments  (in  z),  £Q  is  made  up  of  suitably  matched  arcs  of 
circles. 

The  quantity  0’7  is  a  generalized  beam  pattern,  defined  by  the  spatial  Fourier  transform 

eTS  L  (S) 

VT 

/\  A  fs 

where  "  ixvx  +  iyVy  4-  is  a  vector  wave  number  defined  in  the  direction  of  e.g., 
where  ir  is  the  unit  vector*  iT  =  R/$kiR  s  !Rl*=V^+J^+"^ ,  in  the  usual  way.  In  (4), 
rQ  is  the  relaxation  time  of  the  medium  [0(10“*)  seconds  or  somewhat  lee  in  salt  water] ,  while 
k&Q  measures  the  number  of  turning  points  (changes  of  direction  vertically)  that  a  typical  ray 
in  the  beam  undergoes  in  getting  to  P(R).  The  ocean,  as  is  well  known,  acts  like  a  linear  filter, 
where  the  absorption  is  (logarithmically)  proportional  to  range  ~  £fl  and  to  the  square  of  the 
frequency  ~  s2,  cf.  (4).  J 

in  the  more  general  bistatic  cases,  where  the  receiving  aperture  R  is  not  collocated  with  that 
of  the  transmitter  T ,  we  find  on  regarding  a  typical/®  point  scatter  (on  a  surface  or  in  die  vol¬ 
ume)  as  a  new  source  xeradiating  the  field  incident  upon  it,  that  the  received  scattered  wave 
(now  only  a  function  of  time  because  it  has  passed  through  the  receiving  aperture  AR)  can  be  ex¬ 
pressed  (again  for  far-fieid  operation)*  as 


Here  ,  R-y  locate  the/th  scatter  vis-a-vis  0T  and  0R  (fee  origins  of  the  trammittkg  and 
receiving  apertures,  respectively),  while  is  a  unit  vector*  in  the  direction  of  0K  along  Ry. 


•See  footnote  (•*)  p.  234. 
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in  which 


Hj  =  1 1  +  £  (relative  doppler  velocities)  j  ^  =  1  + 

yQj  =  dynamic  cross  section  of  the  jth  scatterer;  a  purely  statistical  parameter  (over  all/') 
with  the  dimensions  of  “speed”. 

Thus,  a  typical  received  scattered  waveform  is 


Ui(t)  = 


(47r2or/)3 


where 


A  =  expj?-r0  w20  fi07,/2c^)+  /for/2)J  (absorption  along  the  path)  (12a) 
and 

C«77 s  ^  -  a]  flr  [  ^  .  /.  ]  (i2W 

is  the  (coupled-system)  scattering  cross  section  (dimensions  of  “area")  relating  transmitting  and 
receiving  apertures  and  the  scatterer.  The  quantity  fQ  is  the  carrier  or  central  frequency  of  the 
driving  signal  whose  (complex)  envelope  is  S{n  (  )0 

For  this  case  (and  our  assumed  Poisson  statistics)  the  covariance  function  of  the  received 
scattered  wave  is  found  to  be  (Middleton  1967,  1972,  Part  IV) 

Kx{tuh) s  <X(ti)X(t2))-(X(ti))(X(t2))  (13) 


1  (  iu)Q  T  ) 

Kx (fi ,  t2)  =-  Re  <  B*x  e  >  =  Rx  (t , ,  t2)  cos  wQr  +  \x  (f, ,  t2)  sin  w0r 


r  ~t2  ~  t% 


and  (*)  denotes  the  complex  conjugate.  Specifically,  we  have 


BX  (fi ,  fa)  *  f ,  0  [5  or  V\ 

JA  (S  oi  V) 


*or  ^ 


X  /l o  [t\,t2  rgg (R) j dR 
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with  dR  =  dRdf,  oi  dR  dd  dtp  (for  surfaces  S  or  volumes  V,  respectively);  A'  is  the  jointly  il¬ 
luminated  and  viewed  domain  of  scatterers;  o'  is  the  effective  density  of  scattereu  (and  like  A , 
can  depend  on  geometry),  and 

K>  ={Sin  ~  27 to*  S in  ('i  “  2r80)*#  \ 

\  /signal 

iu  t 

-  covariance  of  the  complex  signal  envelope  where  S-n  (t)  =  S(n  (f)o  e  0  .  (16) 

The  quantity 

(e iu>QtT)'  =  the  characteristic  function  of  the  doppler  distribution 


iu  o«r 

e  w(e)de,  e  =  n~  l . 


(17) 


With  (15)  tv  (17)  in  (14)  we  have  a  hill  “anatomization”  of  the  covariance,  showing  its 
detailed  structure  and  the  role  that  geometry  plays  in  problems  of  this  type. 

For  signals  of  short  duration  we  have  a  nonvanishing  value  of  KQ  only  in  the  ranges  (along 
the  path)  within  the  duration  time  of  Sin ;  Le,,  about  the  range  f  1  2 Tg0  so  that 

Ko  (*i  » *a  Itjq)  =  Kq  (t)  c  ( S fa  (0)o  Sfa  (t)0  )  (18) 


and  (15)  becomes 

Bx  (f» ,  h)  i  Ko  (t)  <eU°,T  >t  •  Bo  (fi)  *  Bx  (r  I  f,  *  2rJo)  (19a) 


with 


(19b) 


where  1 1  m  t  j  (R) »  2t^q  (R)  and  I R  I  locates  the  physical  geometric  (#  path)  range  vis-a-vis 
the  receivers.  Thus,  £»  (f. ,  f2)  *  Kx  (r  I  fj)  is  now  the  covariance  of  a  locally  stationary 
process  Jr,  whose  statistical  properties,  of  course,  still  depend  on  range  (f  j).  The  comparative 
simplicity  of  Kx  (r  I  fj)  [Eqs.  (19a,  b)  in  (14)]  makes  it  very  convenient  when  signals  of 
short  durations  are  used. 

Finally,  for  many  oceanographic  applications,  particularly  in  the  study  of  scattering  layers  in 
the  ocean,  the  geometry  becomes  quite  simple.  Beams  directed  vertically  down  from  at  or  near 
the  surface  are  employed.  For  reasonable  beam  widths  the  effects  of  nonzero  (vertical)  velocity 
gradients  are  negligible,  and  we  can  replace  path  length  SQ7.  by  the  geometric  distance/^  from 
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source  to  scatterer.  The  various  terms  inK  f  that  depend  on  path  length  and  time  along  the 
path  are  correspondingly  simplified. 

SOME  REMARKS  ON  SCATTERER  STRUCTURE 

Clearly,  a  key  element  in  the  theory  is  our  choice  of  response  function  (h'^)  for  a  typical 
scatterer.  Probably  the  most  general  model  we  need  consider  has  the  structure 

h  'ltf  ~  7(0  hp  (T)  (20) 

where  7(r)  represents  a  possible  time-variation  expressed  as  a  variable  level,  and  hp  is  the  (linear) 
circuit  representation  of  the  scatterer.  Thus,  for  example,  if  the  scatterers  are  a  body  (or  school) 
of  fishes,  moving  through  the  beam,  and  changing  aspect  while  in  it,  7 (t)  will  change.  Further¬ 
more,  if  like  so  many  such  scatterers,  these  fishes  have  airbladders,  they  will  act  like  resonant 
LCR  circuits  of  moderate  (to  low)  Q  where 


Mr) 


e~ar  sinwj  r 


c 0\LC 


where 


coi  =  ywo  “  <*>p 


here)‘ 

For  simplicity  let  us  suppose  that  the  change  of  aspect  of  the  fishes  in  the  beam  is  slow  with 
time,  so  that  7 (f)  =  yQ.  Then,  with  weak  doppler  (the  usual  case),  (10)  can  be  shown  to  be 


VurW 2"''80'5  (-v)  jiC|V,)>  + 


which  from  (6)  in  our  narrowband  example  [(10)  et  seq.]  yields  the  modified  waveform 

V’G/tj yf  - 2rto/)1  hfl-r)* 

- - - 5 —  (23) 

with  hp  given  by  (21)  in  the  expected  way.  The  typical  scattered  wave  is,  in  effect,  filtered  by 
the  scatterer,  with  a  consequent  modification  of  waveshape.  Where  the  input  signal  to  the  me¬ 
dium  is  tuned  to  the  resonant  frequency  of  the  fbh  bladder  (or  more  precisely,  to  that  of  the 
fish,  which  is  close  to  it),  /q  -  «  w,  jin,  we  may  expect  the  largest  return,  with  smaller  re¬ 
turns  a s/q.jj.  departs  from  coi/2ir.  Again,  this  is  entirely  to  be  expected. 

Other  models  must  be  constructed  forscattering  caused  by  random  interfaces,  but  the  same 
general  type  of  model  may  be  postulated:  At  the  sea  surface  we  should  introduce  an  absorbing 
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or  RC  filter,  ( hF  —  ae~ar,a  =  1  IRC),  when  the  sea  state  is  heavy  and  there  is  consequently  a 
noticeable  bubble  layer  below  the  air-water  interface.  In  other  cases,  where  this  bubble  layer  is 
absent  or  negligible,  the  single  point-scatterer  model  of  our  narrowband  example  in  the  previous 
section  appears  a  good  initial  choice.  Again,  for  bottom  scattering,  we  may  expect  a  similar  ab¬ 
sorbing  filter  with  different  parameters.  All  this  is  clearly  phenomenological  and  guided  by  our 
present  concepts  and  knowledge.  Actual  numbers  and  often  the  applicability  of  our  choices 
must  be  obtained  and  established  by  experiment.  The  data  on  biological  scatterers  (fishes,  etc.), 
for  instance,  presented  in  many  of  the  accompanying  papers  of  this  Symposium  should  prove  a 
valuable  source  of  information,  from  which  we  may  hope  to  obtain  useable  models  and  param¬ 
eters  along  the  lines  just  indicated. 

CONCLUDING  REMARKS 

A  very  brief  outline  of  a  general  theory  of  reverberation  and  similar  types  of  first-order  scat¬ 
tering  has  been  presented  to  call  attention  to  the  fact  that  workable,  quantitative  models  of  the 
scattering  processes  in  the  ocean  are  available  for  study  and  use,  not  only  for  the  ultimate  pur¬ 
poses  of  information  processing  and  communication,  but  also  for  the  guidance  and  interpretation 
of  experiments  directed  toward  a  detailed  examination  of  the  scattering  mechanisms  themselves. 
In  conjunction  with  adequate  statistical  tests  as  to  the  validity  of  the  data  (Middleton,  1969), 
available  biological  information  should  play  a  critical  role  in  determining  the  pertinent  parameters 
of  our  phenomenological  scatter  models;  and  this  in  turn  should  make  possible  a  realistic  descrip¬ 
tion  of  reverberation,  which  is  needed  in  a  variety  of  other  signal  processing  problems.  No 
attempt  at  completion  is  intended  here;  the  technical  details  are  fully  covered  in  Middleton  (1967, 
1972). 
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TIME  VARIATIONS  OF  SOME  ACOUSTIC 
VOLUME  REVERBERATION  PARAMETERS* 
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ABSTRACT 


In  recent  experiments  in  the  Strait  of  Juan  de  Fuca,  north  of  Seattle,  Washington,  se¬ 
quential  reverberation  records  were  produced  using  pulsed  continuous-wave  signals  and  a 
vertically  oriented,  bottom-mounted,  narrow-beam  transducer.  Several  hundred  pulse  se¬ 
quences  were  transmitted  on  the  hour  for  250  consecutive  hours.  The  resulting  reverberation 
was  demodulated  in  quadrature  and  recorded  on  analog  tape.  The  tapes  were  returned  to  the 
laboratory  and  digitized.  Estimates  of  data  parameters  were  then  obtained  using  ensemble 
averaging  techniques,  and  the  behavior  of  the  estimates  as  a  function  of  time  was  studied. 

Special  attention  was  given  to  the  determination  of  probability  density  functions,  detection 
of  environmental  nonstationarity  by  testing  the  data  for  statistical  inhomogeneity,  and  isola¬ 
tion  of  spatial-temporal  patterns  in  the  volume  backscatterin*  strengths.  Volume  scattering 
strengths  for  the  whole  250-hour  period  were  obtained  as  a  by-product  of  the  latter  activity. 

Diurnal  variations  as  well  as  higher  frequency  space- time  changes  are  clearly  indicated. 

INTRODUCTION 

The  work  leading  to  the  material  discussed  in  this  paper  began  in  1967  as  an  attempt  to  as¬ 
certain  the  validity  of  a  theory  of  first-order  reverberation  developed  by  Dr.  David  Middleton 
(1967).  Dr.  Paul  Moose  (1968, 1970),  using  Middleton’s  results,  investigated  the  behavior  of  the 
autocovariance  function  of  the  reverberant  signal  when  certain  simplifying  assumptions  were 
satisfied.  He  devised  experiments  similar  to  those  subsequently  announced  by  Ol’shevskii  (1967) 
for  estimating  that  function.  The  results  of  the  experiments  (Swarts,  1969a;  Mooee  and  Swarts, 
1969)  led  to  the  supposition  that  in  most  cases  the  environment  was  neither  homogeneous  nor 
stable  enough  to  allow  valid  estimates  to  be  obtained. 

This  led  to  another  series  of  experiments,  under  the  ONR  sponsorship,  aimed  at  a  more  direct 
approach  to  the  determination  of  environmental  stability.  Recordings  of  the  reverberation  were 
made  over  an  extended  period;  these  were  returned  to  the  laboratory  and  processed  cm  a  digital 
computer.  Acoustic  backscattering  strengths  and  target  strengths  were  obtained,  and  the  de¬ 
modulated  data  were  tested  for  statistical  homogeneity  using  a  non  parametric  test. 

The  results  of  these  experiments  are  contained  herein.  The  reader  interested  in  equipment  de¬ 
tails,  calibration,  error  analysis,  and  supporting  environmental  data  is  referred  to  Swarts  (1969b). 


•This  research  was  sponsored  by  the  Office  of  Naval  Research,  Contract  N00014-69-G4317,  Contract 
Authority  Identification  NR-186-500. 
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THEORY 

Figure  1  is  a  functional  description  of  the  significant  aspects  of  our  experimental  hardware. 
The  signal  to  be  transmitted  is  generated,  as  shown  on  the  left-hand  side  of  the  figure,  by  ampli¬ 
fying  the  gated  output  of  a  sinusoidal  signal  source.  That  signal  is  conveyed  via  a  transmit/receive 
relay  switched  in  synchronism  with  the  gate,  to  an  underwater  sound  transducer  mounted  on  the 
sea  bed.  The  resulting  reverberation  signal  is  received  by  the  same  transducer;  and,  with  the 
transmit/receive  relay  in  its  receive  mode,  this  signal  is  preamplified  and  demodulated  in  quad¬ 
rature.  The  outputs  of  the  demodulator  are  low-pass  filtered  and  recorded  on  a  precision  analog 
tape  recorder  for  processing  in  the  laboratory. 

If  it  is  assumed  that  within  the  beam  width  of  the  transducer,  the  medium  is  homogeneous 
and  isotropic,  and  if  multiple  scattering  is  insignificant,  then  it  can  be  shown  (see  Appendix  A) 
that  the  demodulated  signal  caused  by  a  small  volume  element  containing  W  point  scatterers  is 
as  indicated  in  equation  (1),  Figure  2. 

In  equation  (1) 

^  a  =  system  gains  and  conversion  factors 
/  (®,0)  =  pressure  beam  pattern  qf  transducer 
0,0  =  angular  coordinates  of  elemental  volume 
R{  =  range  to  /th  scatterer 
0.  =  2Vj  /c  =  /th  scatterer  doppler  factor 
=  on-axis  velocity  component 
I  Ofl  =  reflectivity  of  ith  scatterer 
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Figure  1.  Functional  dncriptkm  of  experimental  ryitere 
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If  there  are  At  djMaa  of  acatteren  pretest,  then  7  (f)  can  be  written  as  in  equation  (2), 
where  the  sum  of  the  Nj  tatf. 

The  autocowiance  of  7(t)  it  defined  in  equation  (3).  The  eetedric  denotes  complex 
oofguftticn. 
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If  the  scatterer  classes  are  independent,  equation  (4)  results  from  noting  that  the  expected 
value  of  a  sum  of  independent  random  variables  is  the  sum  of  the  individual  expectations.  The 
(f)  denotes  the  covariance  from  the/th  dass  alone. 

It  is  shown  in  Appendix  A  that  if  the  scatterers  within  a  class  are  independent  and  uniformly 
distributed  throughout  AV,  and  if  the  scatterer  parameters  o  and  0  are  independent  and  iden¬ 
tically  distributed  for  each  scatterer,  then  Kn^  depends  directly  on  Nj.  If  we  (a)  substitute 
for  Nj,  the  product  of  the  scatterer  density  in  the  k  th  elemental  volume  and  the  volume  of  the 
element,  (b)  let  the  base  of  the  element  AA  shrink  to  the  limit,  and  (c)  integrate  over  all  direc¬ 
tions,  we  obtain  the  total  unconditional  autocovariance  as  indicated  in  equation  (S).  R  is  the 
range  to  the  kth  dement  and  6k ,  4>k  its  coordinates; pj(t)  is  the  local/th  dass  scatterer  density 
at  time  t. 

Making  use  of  equation  (2),  and  requiring  R  »  AR,  Equation  (5)  has  been  solved  yielding 
equation  (6);  where  d  is  the  directivity  factor  of  the  transducer,  Af,  the  scatterer  reflectivity 
autocovariance,  and  ^  the  doppler  characteristic  function. 

Some  care  must  be  taken  in  using  this  equation.  In  words  one  can  say  that  equation  (6)  rep¬ 
resents  the  autocovariance  of  the  complex  reverberation  envelope  at  range  R  and  at  time  t  for 
a  delay  of  r.  Suppose  a  sequence  of  pulses,  each  of  width  T,  centered  in  time  about  t  is  trans¬ 
mitted  with  sufficient  time  between  pulses  so  that  the  reverberation  from  one  pulse  has  died 
away  before  die  succeeding  pulse  is  transmitted.  Let  P  be  the  total  number  of  pulses  and  D 
the  interval  between  them.  The  autocovariance  can  then  be  estimated  as  in  equation  (7),  where 
t  ■  (2 R/c)it  the  time  required  for  each  pulse  to  travel  from  the  transmitter  to  range  R  and  re¬ 
turn.  Unfortunately,  implicit  in  this  estimation  technique  is  the  requirement  that  the  statistics 
involved  be  stationary  over  the  time  required  for  the  transudation  of  ail  pulses,  PD\  and  that 
the  scattereo  field  be  homogeneous  over  the  range  interval  AR  ,  that  is  cT. 

It  is  precisely  because  the  environment  is  neither  sufficiently  stationary  nor  homogenous 
that  previous  attempts  to  obtain  valid  estimates  of  die  autocovariance  failed. 

To  obtain  a  necessary  condition  for  the  estimation  of  the  sutocovariance,  let  r  *  0  in  equa¬ 
tion  (6)  and  let  the  transmitted  envelope  x(*)  *A,  t  constant,  if  its  argument  lies  between  0  and 
T.  Noting  that  the  autoco variance  for  zero  delay  is  the  variance  of  the  signal,  equation  (8) 
results. 

This  equation  is  important  for  two  reasons.  First,  it  says  that  if  only  one  type  of  scatterer  is 
present,  the  autocovariance  can  be  estimated  only  if  the  product  of  the  mean  square  scatterer 
reflectivity  and  acatterer  density  do  not  vary  over  the  estimation  period.  If  thoee  parameters 
change  with  time,  so  does  the  variance  of  the  complex  reverberation  envelope  and  thus  so  does 
any  statistic  of  second  or  hitler  order  that  depends  on  the  output  of  our  receiver.  Further,  If 
mote  than  one  dass  of  scatterers  is  present,  the  tame  argument  holds  for  the  sum  of  die 
products. 

Second,  by  comparing  equation  (8)  with  the  expnwtion  for  die  received  reverberation  tnten- 
tity  level  from  volume  beckecattering  given  in  fhyita  of  Sound  tn  th*  Set,  we  note  that  the 
summation  is  equal  to  the  scattering  cross  section  divided  by  4»,  which  Urick  ( 1967) gjvea  as  the 
antflog  of  the  scattering  strength.  Because  scattering  strength  k  equivalently  target  strength  per 
unit  volume,  we  coodude  that  10  logic  (r)  P  is  the  average  target  atrengtii  of  a  scatterer.  Ob¬ 
serve.  however,  that  if  the  scatterers  are  not  uniformly  distributed  throughout  the  IneosdSed 
volume,  this  latter  couduskm  is  invalid.  In  the  limiting  cm  of  a  tingle  scatterer,  interpretation 
of  i  a  (r)r  in  equation  (8)  at  target  strength  wffl  result  in  a  value  that  is  far  too  amtil. 
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EXPERIMENT 

Using  the  results  just  discussed  as  a  guide,  an  experiment  was  developed  to  test  directly  the 
period  over  which  the  statistics  of  a  reverberation  signal  might  be  considered  stationary.  In  the 
sense  expressed  by  equation  (8),  that  period  may  also  be  cop.  ids^ed  -‘he  period  of  environmental 
stationarity. 

Our  acoustic  equipment  was  deployed  in  the  Strait  of  Jvr.o  de  Fuca,  north  of  Seattle,  Wash¬ 
ington,  in  water  about  280  feet  deep.  Data  were  collected  over  a  1  d  elay  period  at  28  kHz;  pulse 
widths  were  either  1 .6  or  3.2  msec.  Data  processing  dunng  e*cfc  {ring  interval  was  terminated 
prior  to  the  first  surface  return.  On-site  measurements  tfiowed  that  the  fourth  surface-bottom 
return  could  not  be  detected.  The  pulse  repetition  time  was  accordingly  set  at  0.4  sec. 

Individual  pulse  and  N-ping  average  scattering  strengths  were  computed  as  a  faction  of 
range.  Figure  3  is  a  typical  plot.  In  this  case,  data  hive  been  averaged  over  200  pulses.  Because 
the  pulses  were  spaced  0.4  sec  apart,  the  plot  reflects  data  from  an  80-sec  period.  If  this  plot  is 
uaed  to  compute  an  approximate  value  for  the  scatrering  strength  of  the  water  column,  the  re¬ 
sult  is  about  4  dB  higher  than  that  reported  by  Chapman  and  Marshall  (1966)  at  15  kHz  and 
about  13  dB  higher  than  that  reported  by  Gold  and  Van  Schuyler  (1966)  at  20  kHz.  The  dis¬ 
crepancy  may  be  explained  in  part  by  the  difference  in  frequency,  but  is  more  probably  attrib¬ 
utable  to  the  presence,  in  our  case,  of  a  relatively  derive  uniform  scatterer  population  ra'b^r 
than  the  layered  structure  felt  to  be  present  in  the  dted  experiments.  The  scattering  strength  of 
the  total  water  column  when  the  scattered  signal  stems  largely  from  a  layer  of  thicknea.*  less  than 
the  total  water  depth  must  necessarily  be  less  than  the  scattering  strength  of  the  water  v  Jurnn 
within  the  layer.  The  extent  of  the  difference  depends  strongiy  on  the  ratio  of  the  thioncss  of 
the  layer  to  the  depth  to  the  bottom  of  the  layer.  The  same  effect  tends  to  rottk  larg'  riumal 
variations  in  scattering  strength  with  depth. 


Fifw*  3.  Avenge  ecattmnj  rtreafdi  *>  a  fanetkm  of  range  r  <w»  0*  traeadocw 


O 


246 


SWARTS 


Two  hundred-ping  average  scattering  strengths  were  also  computed  at  three  ranges  and  for  39 
times  within  a  7-day  period.  The  values  are  plotted  in  Figure  4  as  a  function  of  time.  The  maxi¬ 
mum  value  of  the  marked  diurnal  variation  (—59  dB  to -86  dB)  is  in  relatively  good  agreement 
with  the  maximum  value  observed  by  Anderson  (1967)  at  25  kHz  and  about  6  dB  greater  than 
the  maximum  variation  seen  by  Scrimger  and  Turner  (1969)  at  shallow  depths  in  a  5*  to  10-kHz 
band. 

Sheer  buik  of  data  prevented  the  computation  of  a  continuous  curve  over  the  whole  time 
period,  but  se'ected  portions  were  considered  in  great  detail.  Using  data  collected  over  40-minute 
intervals  near  midnight  and  midday,  we  were  able  to  compute  average  scattering  strengths  as  a 
function  of  range  for  ensembles  of  30  pulses  for  sets  of  85  contiguous  enserbles.  One  such  rec¬ 
ord  spans  about  10  min  and  is  shown  in  Figure  5. 

It  can  be  argued  from  the  sharpness  of  the  leading  and  trailing  edge*  >f  the  lobes  in  this  figure 
that  they  are  the  result  of  single  objects,  and  thus  the  target  strength  rather  than  the  scattering 
strength  should  be  computed. 

Unfortunately ,  at  present  we  do  not  have  a  pattern  recognition  criteria  built  into  our  com¬ 
puter,  and  therefore  had  to  be  satisfied  with  treating  all  data  equally.  If,  however,  the  target 
strength  is  computed  for  all  range  points,  then  at  least  those  echoes  trom  single  fish  will  yield 
correct  target  strength  measurements.  This  has  been  done  for  fourteen  targets.  Values  varied 
iroin  *-i7  to  -40  dB.  Indicated  fish  lengths  for  these  values  are  given  in  Table  1  (Tucker,  1967). 

if  frh  of  all  sizes  are  uniformly  distributed  in  range,  the  peaks  of  the  scattering-strength  lobes 
should  diminish  with  range  in  general  at  the  rate  of  6  dB  per  range  octave.  If  the  targets  all  move 
with  nearly  the  same  velocity,  then  the  persistence  should  increase  directly  with  range.  Although 
the  plot  shows  a  tendency  towards  this  behavior,  longer  records  are  necessary  before  a  definite 
answer  can  be  reached. 

The  data  for  Figure  5  were  collected  during  the  night.  Figure  6  is  a  similar  plot,  but  the  data 
in  this  case  wt.c  collected  during  daylight  hours.  The  smoothing  ou?  of  the  area  near  the  surface 
and  the  marked  reduction  of  individual  target  persistence  is  immediately  obvious.  Not  so  obvi¬ 
ous  from  the  plot  is  the  fact  that  die  area  near  the  -’.rSace  dismays  a  higher  average  scattering 
strength  tiisn  does  the  same  area  during  the  night  This  is,  however,  in  agreement  with  Figure  4. 

The  portion  of  the  plot  marked  for  an  expanded  view  is  shown  in  great  detail  in  Figure  7. 

Each  trace  is  the  scattering  strength  computed  for  a  single  pulse.  The  cause  of  the  peak  at  the 
beginning  of  Figure  6  » seen  to  be  s  target  that  persists  throughout  the  30-sec  period  spanned 
by  this  plot.  A  second  individual  target,  already  in  the  transducer  beast,  a  seen  to  fade  out 
about  halfway  through  the  interval .  The  remainder  of  the  plot  appears  to  bt  *  juyjble  of  timll 
scattered  returns. 

In  contrast,  Figure  8  displays  a  host  of  persistent  characteristics,  not  ail  of  which,  though, 
can  be  considered  single  targets.  The  data  for  this  plot  were  collected  at  night 

The  next  step  was  to  determine  a  quantitative  estimate  of  the  period  of  time  over  which  the 
environment  might  be  considered  stable  or  stationary.  Assuming  constant  equipment  parame¬ 
ters  and  a  reverberation  level  well  above  hardware  self-noise,  any  variation  in  the  output  of  the 
low-past  filter  Is  a  mult  of  some  variation  in  the  environment.  Suppose,  then,  that  one  of  the 
low-pass  filters  is  urn  pica  a  fixed  time  after  the  transmission  of  each  of  a  sequence  of  pulses.  If 
the  data  so  generated  are  not  statistically  homogenous,  we  conclude  that  the  environment  has 
changed  significant]  1 

1  Significantly  meant  changed  to  the  extant  (hat  the  tow-paw  >3 tar  oat pat  It  not  hnmr^ennm  Secaat  Infer- 
matron  concerning  the  phase  of  the  comptax  envelope  ii  preetet  in  the  output  of  the  titer,  t*e  Kettering 
strength  need  not  heve  changed.  However ,  «  preview  dy  pointed  out.  t  dgntfknat  change  hi  the  k altering 
ttreogdi  will  definitely  remit  hi  the  data  being  tahomoganou. 


Fl*u/e  5.  Relative  average  scattering  strength  as  a  function  of  range  over  a  10-min  period 
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Data  obtained  as  indicated  was  tested  for  homogeneity  using  the  Kolmogorov-Smimov  statis¬ 
tic  (Middleton,  1969;  Arase  and  Arase,  1968).  This  test  was  used  because  it  is  nonparametric, 
computationally  simple  to  implement,  and  generally  more  powerful  (Massey,  1951)  than  the 
traditional  chi  (x)  square  statistic.  It  tests  the  maximum  difference  between  two  sample  cumula¬ 
tive  probability  distributions.  If  the  difference  exceeds  a  threshold  that  is  dependent  upon  the 
significance  level  in  which  one  is  interested,  then  the  data  are  said  to  be  inhomogenous  at  that 
significance  level;  and  it  is  concluded  that  there  has  been  a  significant  change  in  the  environment. 

Plots  of  the  cumulative  probability  distribution  for  two  subensembles  of  500  samples  taken 
from  nighttime  data  are  shown  in  Figure  9.  The  [dots  differ  by  a  maximum  of  0.0836  as  indi¬ 
cated  on  the  figure  and  thus  just  pass  the  test  at  the  5%  significance  level. 

Similar  plots  were  compiled  and  tested  at  four  ranges  for  ensemble  sizes  of  60  to  2,000 
points.  The  results  for  samples  taken  from  daylight  data  are  shown  in  Figure  10.  'Two  trends 
are  obvious:  The  data  begin  to  appear  significantly  inhomogenous  for  sample  sizes  greater  than 
60  and  tend  to  be  more  homogenous  with  increasing  range.  It  can  be  argued  that  the  latter 
trend  is  a  "result  of  the  expected  greater  persistence  of  targets  at  longer  ranges.  However,  this 
hypothesis  is  belied  by  Figure  1 1 ,  which  presents  the  results  of  the  tests  for  data  collected  at 
night.  Here,  the  trend  towards  inhomogeneity  with  increasing  sample  size  is  reinforced,  but  the 
range  dependence  is  virtually  eliminated.  Because  data  inhomogeneity  for  sample  sizes  larger 
than  60  implies  environmental  nonstationarity  for  times  greater  than  24  sec,  it  becomes  appar¬ 
ent  that  the  decision  to  plot  scattering  strengths  averaged  over  30  pulses  was  a  fortuitous  one. 

An  attempt  was  also  made  to  determine  whether  or  not  the  data  could  be  considered  normal¬ 
ly  distributed.  A  test  by  Pearson  (1930)  on  the  skewness  and  kurtosis  of  the  data  proved  partic¬ 
ularly  simple  to  implement  ancf  was  used  despite  the  fact  that  It  tends  to  exaggerate  the  weight 
of  large  data  values.  Only  sets  of  ensembles  of  120  or  more  samples  that  showed  a  failure  rate 
of  10%  or  less  under  the  Kolmogorov-Smirnov  test  for  homogeneity  were  considered.  As  it 
turned  out,  only  that  data  collected  during  daylight  hours  and  sampled  at  ranges  of  180  or  230 
feet  could  qualify.  The  results  of  31  such  tests  are  indicated  in  Table  2. 

Certain  other  patterns  were  clear.  At  both  ranges,  the  skewness  was  negative  in  two-thirds  of 
the  cases  tested.  However,  because  the  tendency  was  slight  and  the  failures  displayed  no  pref¬ 
erence  for  either  polarity,  the  negative  trend  may  be  statistically  permissible.  At  230  feet,  the 
kurtosis  was  never  less  than  3,  even  in  those  cases  that  passed  the  test ;  in  fact,  it  was  less  than  4 
only  one-third  of  the  rime. 

At  180  feet  the  kurtosis  appeared  rather  evenly  distributed  about  3,  except  in  one  of  the  fail¬ 
ures  where  it  reached  a  value  of  19,  the  maximum  observed  at  either  range. 

We  conclude  from  this  that  even  when  the  data  are  homogenous,  it  can  not  in  general  be  con¬ 
sidered  normally  distributed,  except  in  a  very  coarse  sense.  We  also  note  that  the  processes  op¬ 
erating  at  different  ranges  may  be  physically  different  as  attested  by  the  significant  differences 
in  computed  kurtosis  for  two  ranges. 

Additional  {dots  have  been  included  as  Appendix  B  to  show  the  variability  of  the  data. 
RESULTS  AND  CONCLUSIONS 

We  have  shown  that  stationarity  of  the  acoustic  backscattering  strength  is  a  requirement  if 
the  data  at  the  output  of  a  sonar  receiver  are  to  be  statistically  homogenous.  Changes  in  the 
scattering  strength  parameter  over  durations  ranging  from  seconds  to  days  have  been  demon¬ 
strated;  a  periodic  diurnal  variation  has  been  shown.  A  nonparametric  statistical  test  was  used 
to  place  a  lower  limit  on  the  duration  of  environmental  stationarity  by  determining  the  duration 
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Figure  9.  Sample  cumulative  probability  distribution  functions  for  two 
contiguous  subensembles  of  500  members  each 


Table  2.  Results  of  Tests  for  Normality 


Range 

Number  of 

Number  of  times  parameter 
failed  at  5%  level 

Total  number  of  tests 
failing  either  criteria 

t&lu 

Skewness 

Kurt  osis 

180 

16 

3 

3 

5 

230 

15 

3 

12 

12 
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over  which  data  sampled  at  the  output  of  our  receiver  could  be  considered  homogenous.  Where 
the  data  proved  homogenous,  it  was  shown  that  in  general  the  data  could  not  be  considered 
normally  distributed. 

The  results  indicated  are  limited,  of  course,  by  the  location,  duration,  time  of  year,  and  ex¬ 
perimenter-controlled  conditions.  In  addition  to  the  need  to  generalize  the  results  in  these  re¬ 
spects,  there  is  also  a  necessity  for  more  compact  data-reduction  techniques  and  simple  devices 
to  display  multidimensional  reverberation  (scattering)  data. 
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APPENDIX  A 


DERIVATION  OF  ENVIRONMENT 
SYSTEM  RELATIONSHIPS 


Allow  the  transmitted  signal  the  representation 

s(0  =  Re|x(rywf  • 

Assuming  an  homogenous,  isotropic  medium,  the  signal  received  back  at  the  transmitter,  after 
being  scattered  by  a  slowly  moving  point  target  of  reflectivity  at  initial  range  Rp  is 


rt  (?)  =  Re  ^“7  (M)j- 


where  /  (•)  is  the  (monostatic)  transducer  beam  pattern;  a,  the  necessary  system  gains  and 
conversions;  and  6  and  <f>  are  the  angular  coordinates  of  the  incremental  volume  in  which  the 
scatterer  is  located  relative  to  the  transducer  axis. 

Moose*  has  shown  that  for  targets  moving  with  on-axis  velocity  components  v  very  small 
with  respect  to  C 


In  practical  situations,  however,  it  is  generally  sufficient  to  allow 


s(7()=  Re 


fy*  V  r 


where 


a  _2V 

C 


If  there  are  N  scatterers  in  some  incremental  volume  A  V  *  (AA )  (AR)  centered  at  Q,<t>,R, 
then  assume  that  the  total  signal  is  simply  the  linear  superposition  of  the  individual  scattered 
returns 


(l+fli)l  -imdRlIC)  <r, 


'Mook,  P  H.  Characterization  of  movin|  acouutc  target*  u  linear  time- varying  Alter*.  Letter  to  Editor, 
J.  Acousi.  Soc.  Am.,  Vol.  43,  No.  5,  1968. 
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Notice  that  r'{t)  can  always  be  reduced  to  the  form 


r\,)  -t  Rejv(4>A--) 


£  ( 

=  ^cc^/ - £T  j[cos  cot  cos  5(.  +  sin  cot  sin  . 

If  r'(t)  is  multiplied  by  2  cos  co/,  and  the  result  is  low-pass  filtered  to  attenuate  the  double 
frequency  terms,  the  result  is 


rp(,)=£ 


Similarly,  if  r'(r)  is  multiplied  by  2  sin  co/ 


N  /  2R\ 


Represent  the  total  signal  as  a  complex  signal  vector 


r(t)=rp(t)  +  jrQ(t) 


■  S 


Comparing  this  expression  to  that  for  r'(/),  observe  that 

?(r)-  E  »?2 

r"(f)  is  known  as  the  complex  envelope  of  r'(t). 

The  autocovariance  of  7 (/)  is  defined  as* 

Krr(/,rlAT)=  ^  (0  T*  (/  +  r)  } 


•The  asterisk  within  the  equation  denotes  complex  conjugation,  and,  E  it  the  expected  value. 
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K„(/,rlAO=  E 


I,  4-(-"r)-(-4) 


o,<f)  »•,'((  +r)  !  • 


If  the  scatterers  are  independent 


fx  (,3),  (»+^-2l) 


e~/  Pj  LOT 


ji  *,(')*  V'  +  r>  • 


If,  in  addition,  there  are  M  classes  of  scatterers  present,  and  if  the  parameters  of  the  scatterers 
(o,  /?)  within  any  class  arc  identically  distributed,  then 


4*4 

%„(t,T  lA'}  =  «»  1/  (0,*)l4  £  Ka  (t.T)H  (wr) 


IS  ^  *  ('+r'^) 


where 


N  =  +  AT,  +  ...+ATJ|f 

VM)  -  * {•/«*•/  ('+»)} 

^  (w  r)  »  doppler  factor  characteristic  function 


The  expected  value  term  is  defined 


*+U*/2)  ^ 


A-UW) 
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By  virtue  of  independence,  the  joint  probability 

p(Ri,R2  ■ .  •  RN  )=p(Ri) p(Ri)  •  •  p(*v ) 

/  / 

equals  the  product  of  the  marginal  probabilities.  If  the  scatterers  are  locally  uniformly  distrib¬ 
uted  in  range 

P(R()  *  and  p(Ri,R2  ...  RN)  = 

Interchanging  order  of  summation  and  integration,  and  noting  that  in  each  term  of  the  sum, 
N;  -  1  of  the  integrals  are  independent  of  the  variable  being  integrated,  the  expectation 
becomes 


/v. 

A R 


R  +(&RI  2) 


R~(ARI  2) 


By  replacing  A7-  by  A  p/f)  being  the  local  scatterer  density  at  time  t, 

A  A  -  R2  AA,  where  A  12  is  tne  solid  angle  subtended  by  A  A,  the  autocovai 


and  noting  that 
autocovariance  is 


M 


*** 

K 


>,r,l7V)  =  a1  1/(0,*)  I4  E  (tS)*  (wr)P/(f)tfJ  AO 

/-I  1 


R  +  (HRI  2) 


f  1  (  2R*\  t 


R  -URI 2) 


If  the  scatterer  fleld  is  homogenous,  or  if  the  transducer  beam  width  is  sufficiently  narrow 
for  angular  homogeneity  of  the  scatterer  field  to  prevail  within  it,  Krr  (r,  o  17V)  can  be  inte¬ 
grated  over  ail  space  to  obtain  Hrr  ( t ,  r). 

All  of  the  foregoing  assumptions  make  f(8,$)  the  only  direction-dependent  variable  in 
(r,  r  I  AO.  Because  the  directivity  factor  is  defined  as 


4*r 


1 


r  (fl)rfn 


jp  (r,  r)  may  be  written 
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K  (t-x  ~  l^47T  V  ~ 

"  r  ’  '  T~  A O .  ^’T>  (wr;  p,  (/) /?2 

/==  i  /  7 


R  +  UR/2) 

I  F-  '¥)■  (■*-?>, 

R-(ARI2)  '  7 


•V., V-  >aiiy, if  R  >>AR 


Krr  (f>T)  = 


d  Ko,  ^>r)  K  (« *)  P,  (0  — 

/»!  •  i  '  R1 


R  *  (AR/2) 


R  -U/t/ 2) 


'  Vt.  \ 
,+,~c-)*r 


If  this  expression  is  evaluated  at  r  =  0 
and  amplitude  4  then 


for  a  pied  continuous-wave  signal  0f  duration  T 


{/}  «r  4*q*  07  -5  V 


which  relate;  signal  strength  to  the 


mean  square  scatter  reflectivity  and  densit 
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ABSTRACT 

A  3-year  survey  of  the  North  Atlantic  has  enabled  patterns  of  the  depth  of  midwater 
scatterers  to  fce  described  with  -aspect  to  geographic  position  and  seasonal  and  annual  varia¬ 
tion.  These  data  are  qualitative,  obtained  from  echo-sounder  records,  but  some  quantitative 
strength  data  in  the  northernmost  latitudes  are  presented.  Most  of  the  patterns  can  be 
correlated  with  the  results  of  other  workers  in  local  regional  areas. 


INTRODUCTION 

Between  1963  and  1967  the  Admiralty  Underwater  Weapons  Establishment  In  Portland, 
Dorset,  in  association  with  the  Hydrographer  of  the  Royal  Navy,  carried  out  an  extensive  hydro¬ 
graphic  and  oceanographic  survey  of  the  North  Atlantic  between  latitudes  10°  and  68°  N.  Re¬ 
search  ships  from  the  United  States,  the  Netherlands,  Norway,  and  the  United  Kingdom  took 
part  in  the  operation,  which  was  known  by  the  acronym  NAVADO.  Throughout  the  survey, 
Precision  depth  recorders  (PDR)  were  in  operation,  recording  qualitatively  the  presence  of  any 
deep  scattering  layer  (DSL).  The  PDR  was  concerned  primarily  with  the  bottom  topography 
and  the  bottom  acoustic  reflectivity.  Equipment  used  to  measure  the  bottom  reflectivity  (Ref.  1) 
also  could  be  used  to  measure  the  DSL  target  strength,  but,  in  general,  quantitative  DSL  data 
were  not  obtained  except  on  the  northmost  crossings  of  the  Atlantic. 

The  general  pattern  of  the  survey  was  to  steam  on  lines  of  latitude  3*  apart,  but  during  the 
course  of  the  long  operations,  some  tinea  were  traversed  up  to  three  times.  This,  together  with 
some  north-south  runs,  has  enabled  a  description  to  be  made  of  geographic,  seasonal,  and  annual 
patterns  of  the  depth  of  the  DSL  in  the  North  Atlantic.  Figure  1  indicates  the  geographic  area 
covered,  the  lines  of  latitude  surveyed,  and  the  dates  ou  which  these  were  accomplished. 

EQUIPMENT 

The  PDR'*  in  use  throughout  the  survey  operated  at  10  kHz,  with  a  pulse  length  of  20  msec 
and  a  beamwidth  of  30*.  DSL  information  is,  therefor* ,  qualitative  only,  except  as  previously 
noted.  Additional  information  at  other  frequencies  was  obtained  mi  the  northern  lines. 

*  Paper  presented  by  Timothy  W.  Janaiti*.  U  S.  Naval  Oceanographic  Office. 
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In  this  type  of  investigation,  the  well-known  limitations  of  echo  sounders,  such  as  excessive 
beamwidth,  limited  dynamic  range  of  recording  paper,  and  quenching  by  the  ship’s  hull,  require 
no  explanation  other  than  to  reiterate  their  presence.  Inevitably,  gaps  occurred  in  the  continuity 
of  the  echo-sounder  traces,  caused  by  a  variety  of  factors,  among  which  were  the  PDR  stop¬ 
ping  while  on  an  oceanographic  station  and  a  seabed  echo  obscuring  the  DSL.  An  estimate 
of  the  thickness  of  the  DSL  was  made  from  the  extent  of  the  trace  darkening  on  the  PDR 
paper,  but  it  must  be  remembered  that  this  measurement  was  highly  subjective  because  of  its 
dependence  on  the  PDR  gain  and  echo-sounder  pulse  length. 

DATA  REDUCTION 

A  number  of  methods  were  explored  for  reducing  and  presenting  to  the  scientific  commu¬ 
nity  the  DSL  information  obtained  on  many  thousands  of  miles  of  ship  track.  The  scheme 
finally  adopted  consisted  of  transcribing  the  PDR  DSL  information,  sampled  at  3-hour  inter  vals 
during  each  transverse,  to  a  graphic  form  as  shown  in  Figure  2  for  line  ECHO  Oat  22  °  N).  Com¬ 
plete  information  for  all  the  ship’s  tracks  is  contained  in  Ref.  2.  Each  graph  is  shown  with 
depth  (fathoms)  as  the  ordinate  and  date/time  and  associated  longitude  as  the  abscissa.  In  all 
the  graphs  except  for  the  north-south  tracks,  a  west-east  progression  along  each  traverse 
is  represented  from  left  to  right  along  the  horizontal  ordinate.  The  shaded  portions  of  each 
graph  represent  the  depth  and  thickness  of  the  DSL.  Gaps  in  the  graphic  presentations  usu¬ 
ally  indicate  an  oceanographic  station  or  a  merging  of  the  DSL  on  one  phase  of  the  PDR 
record  with  the  bottom  echo  on  a  different  phase.  Diurnal  migrating  patterns  are  observed 
easily  from  the  graphic  record.  Upper  limits  of  the  diurnal  patterns  were  not  discernible  in 
many  cases  because  of  merging  of  the  different  layers  into  the  initial  reverberation  pattern  of 
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Figure  2.  NAVA  DO  DSL  line  ECHO  (lit  22°  N) 
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the  echo  sounder.  Some  minor  fluctuations  in  depth,  thickness,  and  occurrence  are  not  shown 
because  of  the  effect  of  the  3-hour  sampling  of  the  PDR  information. 

Scant  attention  was  paid  to  the  diurnal  patterns  of  the  DSL  as  thus*,  phenomena  have  been 
studied  intensely  in  the  past.  Effort  was  directed  to  the  geographic,  seasonal,  and  annual  patterns. 
By  ignoring  the  season  and  sampling  the  number  of  layers  and  their  maximum  depth,  we  were 
able  to  build  patterns  of  their  geographic  distribution. 

The  number  of  layers  present  for  5°  increments  of  longitude  along  each  latitude  traverse  is 
shown  in  Figure  3.  Five  types  of  distinct  scattering  layers,  designated  as  layers  A,  B,  C  D,  and 
E,  were  found  within  the  depth  range  100  to  500  fm.  These  layers  are  shown  in  Figures  4 
through  3,  in  which  the  maximum  midlayer  depth  is  shown  for  the  came  5°  increments  of  longi¬ 
tude  used  in  Figure  3.  Contours  of  equal  midlayer  depth  are  drawn  on  the  charts  at  25-fm  inter¬ 
vals  for  the  two  most  widely  distributed  layers,  B  and  D,  in  order  to  show  the  depth  variation 
with  geographical  position.  The  two  north-south  traverses  of  Ref.  2  yielded  valuable  clues  to 
isolating  these  layers. 

Part  of  line  KILO,  latitude  40°  N,  was  surveyed  during  both  summer  and  winter,  June  1965 
and  December  1966.  This  duplication  enabled  us  to  investigate  any  seasonal  effects.  Data  from 
these  two  occasions  are  superimposed  in  Figure  9.  Annual  conditions  over  a  3-year  period  were 
available  between  latitudes  10°  and  16°  N;  these  are  piesented  for  line  BRAVO,  latitude  13°  Ns 
in  Figure  10. 

The  foregoing  data  have  been  qualitative,  but  around  Iceland,  quantitative  data  were  obtained 
by  using  equipment  described  in  Ref.  ! .  Figure  1 1  shows  a  PDR  trace  of  the  DSL  being  mea- 
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sured,  with  the  DSL  bracketed  by  th«  opening  and  dosing  marks  of  the  measuring  gate.  During 
the  open  period  of  this  gate,  the  peak  echo  signal  from  the  DSL  is  measured  and  then  converted 
into  target  strength.  Table  1  indicates  typical  target  strengths. 

During  the  traverses  of  latitudes  6 1 0  and  68°  N ,  q  lalitr  tivc  information  at  30  and  SO  kHz 
war  obtained,  in  addition  to  that  at  10  kHz.  These  data  are  presented  fully  in  Ref.  2,  while  that 
at  30  kHz  at  latitude  6 1°  N  is  shown  in  Figure  1 2. 

DISCUSSION 
Layers  A,  B,  and  C 

Layers  A,  B,  and  C  (Figures  4-6)  were  purely  migratory  and  were  found  in  latitudes  south  of 
49°  N.  These  layers  of  small  vertical  thickness  (20  to  30  fm)  generally  nro  luced  considerably 
more  darkening  of  the  10-kHz  PDk  than  diu  the  deeper,  more  diffuse,  and  thicker  layer  D.  Occa¬ 
sionally,  discrete  groups  of  more  intense  scattering  were  found  in  layers  A,  B,  and  C,  particularly 
in  late  and  midaftemoon.  Layers  A  and  C  were  identified  only  in  localized  areas  in  the  North 
Atlantic,  but  they  usually  were  found  with  layer  B.  Moore  (Ref.  3),  who  found  similar  nsU  cea 
of  multi-layers  in  the  Mediterranean  and  near  the  Azores,  suggested  that  each  layer  contains  a 
different  subspecies  of  the  same  marine  organism,  in  his  case,  cuphauJtd,  but  in  this  current 
study  more  likely  to  be  swimbiadder-bearing  fishes.  According  to  Marshall  (Ref.  4)  the  different 
types  of  scattered  may  be  competing  for  living  space. 
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Layer  A  was  concentrated  north  of  3 1 0  N,  and  layer  C ,  south  of  29°  N .  Layer  B  was  the  most 
widely  distributed  of  the  three;  it  was  found  in  North  Atlantic  areas  south  of  46°  N,  and  had  a 
maximum  midlayer  depth  ranging  from  140  to  245  fm.  Layer  A  was  generally  shallower  than 
layer  B,  with  a  maximum  midiayer  depth  ranging  from  1 35  to  170  fm.  Layer  C  was  deeper  than 
layer  B,  with  maximum  midlayer  depth  of  2 1 5  to  280  fm. 

Layer  B  probably  can  be  identified  with  the  shallower  layer  of  the  two  found  by  Hersey  and 
Backus  (Ref.  5),  who  used  a  1 2-kHz  echo  sounder.  The  extremes  of  the  depth  variation  of  the 
layer  that  they  discovered  in  the  western  North  Atlantic  were  131  and  220  fm.  This  range  is 
similar  to  that  of  layer  B  in  the  same  area.  The  deepest  migrations  of  layer  B  occurred  along 
latitudes  near  31°  N,  with  a  corresponding  decrease  in  depth  north  and  south  of  this  line.  Pro¬ 
nounced  minima  of  the  vertical  extent  of  the  migration  depths  occurred  off  the  North  African 
west  coast  and  the  U.S.  eastern  seaboard  in  areas  of  upwelling  and  heavy  current  movements 
respectively.  Data  published  by  Chapman  and  Marshall  (Ref.  6)  may  provide  a  clue  to  the  reso¬ 
nant  frequency  and  scattering  of  layer  B,  at  least  in  the  western  North  Atlantic.  These  investigators 
found  three  predominant  layers  in  the  ocean  on  a  tine  between  Bermuda  and  Nova  Scotia.  The 
shallowest  layer,  which  occurred  at  ail  the  sites  investigated,  had  a  resonant  frequency  near  1 3  kHz 
and  lay  at  a  depth  that  decreased  with  increase  of  latitude  from  295  fm  in  the  south  to  1 95  fm  in 
the  north.  These  depths  were,  in  general,  greater  than  those  of  layer  B  at  10  kHz,  but  the  depth 
variations  with  latitude  and  migratory  behaviour  were  simitar.  Chapman  and  Marshall  (1966) 
found  that  this  shallowest  layer  probably  dominated  the  scattering  in  Che  octave  band  6.4  to  1 2.8 
kHz  with  a  strength  of -55  to  -60  dB. 


274 


HAIGH 


Layer D 

Layer  D  (Figure  7)  was  found  to  be  the  most  widely  occurring  layer.  It  is  characterised  mainly 
by  its  partiaily  migratory  nature  and  greater  thickness  (30  to  60  fm).  It  attained  a  maximum  depth 
of  about  345  fm  in  the  area  25°  to  28°  N  and  lay  nearest  the  surface  in  the  mid-Atlantic  south  of 
Iceland  and  off  the  east  coast  of  Canada  and  the  United  States.  Of  the  two  layers  discussed  in 
Ref.  5,  the  deeper  layer  with  its  semimigratory  pattern  and  depth  range  of  222  to  323  fm  may  be 
compared  to  layer  O.  Chapman  and  Marshall  (Ref.  6)  found  a  layer  in  the  Sargasso  Sea  similar  in 
character  to  layer  D;  the  Sargasso  Sea  layer  had  a  middepth  of  330  fm  and  resonant  frequency  of 
about  7  kHz.  The  suggestion  has  been  made  that  the  constituents  of  this  semimigratory  layer  may 
have  been  neutrally  buoyant  particles  of  organic  detritus  floating  on  a  density  discontinuity  in  the 
main  thermocline.  That  migration  occurs  to  and  from  the  layer  indicates,  however,  that  at  least 
some  of  the  scatterers  were  living  organisms.  It  is  also  probable  that  layer  D  does  not  consist 
solely  of  one  species  of  scatterer  throughout  its  wide  geographic  distribution. 


Layer E 

Layer  E  (Figure  8)  was  mainly  migratory  and  was  discovered  only  in  localized  areas  of  the 
North  Atlantic.  This  layer  often  was  revealed  only  during  its  migration  to  and  from  its  maximum 
depth,  which  ranged  from  300  fm  near  Iceland  to  neatly  500  fm  farther  south.  Moore  (Ref.  3) 


Figure  7.  Maximum  nddiayer  depth  of  layer  D 

remarked  on  the  presence  of  such  a  deep  layer  and  suggested  that  the  scattering  may  be  caused 
by  a  large  red  prawn.  Chapman  and  Marshall  (Ref.  6)  found  a  layer  resonant  at  5  kHz  whose 
depth  corresponds  roughly  to  that  of  Layer  E,  but  their  interpretation  of  the  cause  was  a  resonant 
swimbladder. 

Areas  With  No  Wed-Defined  Layers 

The  only  area  found  in  the  whole  of  the  North  Atlantic  Ocean  that  did  not  have  the  distinct 
10-kHz  scattering  layers  was  the  area  north  of  Iceland.  In  this  area  there  was  a  well-defined 
boundary  between  the  north-flowing  Irminger  current  and  the  south-flowing  East  Greenland 
current.  The  period  spent  at  68°  N  was  during  20-hour  sunlight,  and  the  normal  diurnal  patterns 
could  not  be  reasonably  expected;  however,  such  patterns  did  appear  at  30  and  SO  kHz. 

Scattering  Layers  and  Plant  Life 

As  part  of  the  ecological  chain,  the  animals  making  up  or  comprising  the  scattering  layers  may 
be  feeding  on  phytoplankton  which  in  turn  must  be  dependent  on  the  abundance  of  nutrients.  The 
distribution  of  phytoplankton  should  therefore  con  .’late  with  the  distribution  of  herbivores  (most 
likely  planktonic)  or  perhaps  first  or  second  order  carnivores  (not  necessarily  planktonic)  in 
either  a  positive  or  negctive  manner.  However,  since  it  is  reasonable  to  be  expected  that  not  all 
organisms  (planktonic  or  otherwise)  are  sound  scatterers  there  is  no  reason  to  think  that  the  pre¬ 
sence  of  phytoplankton  will  correlate  with  the  distribution  of  those  organisms  in  particular,  that 
happen  to  scatter  sound.  A  great  deal  of  information  on  plankton  distribution  has  been  published 
in  the  Dana  Reports  and  has  been  summarised  and  processed  by  Backus  and  Hersey  (Ref.  7). 
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Very  little  correlation  exists  between  this  processed  data  and  the  present  results.  Backus  and 
Hersey  predicted  very  heavy  scattering  in  the  northeast  Atlantic,  decreasing  to  a  low  level  in  the 
south  of  the  area  covered  by  this  survey. 

Seasonal  Variation 

The  seasonal  scattering  layer  depth  variation  along  latitude  40°  N  (line  KILO)  between  longi¬ 
tudes  1 2s  and  43°  W  shows  surprisingly  little  variation  other  than  that  the  maximum  layer  depth 
at  the  eastern  end  was  some  30  fm  deeper  in  the  summer  months  (Figure  9). 

Annual  Variation 

There  appears  to  be  good  correlation  cf  scattering  layer  depth  along  line  BRAVO  for  informa¬ 
tion  obtained  over  a  span  of  3  years  (Figure  10).  Information  was  obtained  in  November  and 
December  1963,  January  1965,  and  December  1 965.  The  DSL  patterns  are  remarkably  consis¬ 
tent  in  their  appearance  from  year  to  year.  The  outstanding  features  are  a  layer  that  migrates  to  a 
depth  rather  less  than  200  fm  and  a  deeper,  semimigx-atory  layer  around  300  fni.  This  deeper 
layer  shows  a  definite  trend  each  year  toward  becoming  shallower  from  west  to  east  by  as  much 
as  30  fm. 

CONCLUSIONS 

I .  There  are  two  main  scattering  layers  to  the  North  Atlantic  which  are  identified  in  this  report 
as  layers  B  and  D. 
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2.  There  is  a  variation  of  maximum  scattering  layer  depth  with  geographic  location  that  in 
all  probability  is  correlated  with  the  hydrography. 

3.  Seasonal  variation  of  scattering  layer  depth  patterns  for  a  fixed  ;  in  the  tropics  vary 

in  minor  detail  only  between  the  months  of  June  and  December. 

4.  Annual  patterns  of  the  scattering  layer  depths  for  the  months  November  to  January,  over  a 
3-year  period,  are  repeatable. 


Table  1.  Typical  DSL  Target  Strengths 
Around  Iceland 


Flfure  9.  Seasonal  variation  of  tha  DSL  on  Une  KILO  (tat  40°  N) 


Figure  10.  Annual  variation  of  the  DSL  on  line  BRAVO  Oat  13°  N) 


JUIY  I9M 


AUGUST  1»A4 


Figure  12.  304Hz  DSL  on  NAVADO  Un«  ROMEO  (lit  61°  N) 
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DISCUSSION 

Clarke,  W.  :  What  was  the  upper  limit  of  layer  D? 

Janaitis:  That  was  approximately  330  fathoms  from  25°  to  28°  North. 

Barham:  In  characterizing  your  layers,  do  you  distinguish  between  diffuse  scattering  layers  and 
lay  rs  that  are  formed  by  hard  targets  like  the  echo  groups,  or  tent  fishes  as  we  sometimes  call 
them? 

Janaitis:  I  really  couldn’t  answer  that  question.  I  haven't  had  access  to  all  of  the  data,  and  I 
actually  had  only  an  hour  to  discuss  this  paper  with  Ken  (Haigh).  However,  I  am  going  to  be 
seeing  him  within  the  week,  because  I  will  be  going  out  to  California.  I  know  this  is  a  little 
hardship,  but  if  you  could  write  your  questions  on  paper,  I  could  carry  them  out  to  him.  I’m 
sorry  I  couldn’t  help  you  there. 

fxirquhar:  You  mentioned  the  term  “midlayer  depth.”  I  wondered  just  how  you  determine  the 
depth,  whether  it  was  the  top  of  the  trace  as  it  appeared  on  the  echo-sounder  record,  or  did  you 
use  some  other  means? 

Janaitis:  I  believe  that  Ken  (Haigh)  just  took  the  average  between  the  top  and  the  bottom.  As 
you  said,  the  thickness  was  highly  subjective  due  to  its  dependence  on  the  pulse  length  and  the 
gain.  I  believe  he  just  took  an  average. 

Cole:  Do  you  know  how  happy  he  was  with  the  use  of  the  numbers  of  layers  as  a  parameter  to 
characterize  these  things? 

Janaitis:  No,  I  don’t. 

Cole.  It  seems  to  me  that  the  main  problem  in  some  of  these  studies  is  in  trying  to  fix  on  a  vari¬ 
able  which  will  accurately  represent  a  meaningful  condition  in  the  DSL.  In  some  of  the  work 
that  we  did,  the  number  of  layers  seemed  to  be  a  less  reliable  and  leu  interesting  variable.  For 
example,  :n  plotting  the  number  of  layers  we  obtained  few  layers  toward  the  North  around  Ice¬ 
land  and  the  Re^kjanes  Ridge,  which  graded  into  more  and  more  layers  in  the  Sargasso  Sea 
region,  but  this  parameter  seemed  to  have  too  much  variability  to  be  useful. 

Jarunns  No,  Ken  never  brought  this  up.  He  mentioned  the  fact  that  the  survey  wasn't  set  up  to 
measure  the  DSL,  but  they  had  obtained  these  data  as  they  were  measuring  bottom  topography 
and  acoustic  reflectivity.  He  was  a  little  disappointed  in  that  aspect  because  the  trip  wasn’t 
equipped  solely  for  the  DSL. 
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ABSTRACT 

The  depth  configuration  of  the  acoustic  reverberation  caused  by  the  sonic  scattering  lay¬ 
ers  has  been  examined  b>  leans  of  12-kHz  echograms  recorded  on  several  cruises  between 
New  York  and  Bermuda.  A  distinct  change  in  the  depth  and  migratory  behavior  of  certain 
scattering  layers  occurs  upon  crossing  the  Gulf  Stream.  The  deep  nonmigrating  layer  present 
from  220  to  320  fathoms  (fm)  in  the  region  south  and  east  of  the  Gulf  Stream,  vanishes  ir. 
the  slope  water  to  the  north  and  west  where  it  is  replaced  by  a  migratory  layer  whose  daytime 
maximum  depth  is  300  fm.  At  the  point  of  crossing  the  maximum  tempcuture  gradient  on 
the  North  Wall  of  the  Gulf  Stream,  all  intermediate  and  deep  scattering  layers  are  absent. 
Vertical  temperature  profiles  of  the  Sargasso  Sea  from  the  Gibbs  indicate  that  the  deep  wit¬ 
tering  layer  (220-320  fm)  Lie*  at  the  depth  of  the  relatively  homogeneous  18°C  -36.57»o 
water  layer,  and,  therefore,  the  western  North  Atlantic  Ocean  the  220-  to  320-fm  non- 
migrating  scattering  layer  is  a  useful  indicator  of  the  presence  of  this  water  mass.  The  north¬ 
ern  termination  of  this  layer  marks  the  position  of  the  Gulf  Stream. 


INTRODUCTION 

Many  investigators  of  the  sonic  scattering  layers  of  the  oceans  have  dealt  with  questions  relat¬ 
ing  to  the  identification  of  the  scattering  agent  (Barham,  1963a,  b;  Hersev  and  Backus,  1954, 
1962;  Millman  and  Manheim,  1968;  Kinzer,  1969),  the  acoustic  properties  of  suspected  scatter¬ 
ing  species  and  reverberation  measurements  (Cushing  and  Richardson,  1955,  Hersey,  Backus  and 
Hellwig,  1962;  Haslett,  1965;  Ch  prnan  and  Marshail,  1966)  or,  in  fewer  eajes,  with  the  consider¬ 
ation  of  the  oceanwide  pattern  of  scattering  layer  depths  (Beklemishev,  1964;  Chapman  and 
Marshall,  1966).  During  one  aeries  of  reverberation  measurements,  between  Nova  Scotia  and 
Bermuda  Chapman  and  Marshall  (1966)  noticed  a  deep  nonmigratory  reverberation  layer  which 
se  med  to  occur  only  south  of  the  Gulf  Stream.  The  relationship  between  scattering  layer  depths 
and  hydrography  has  been  investigated  by  Weston  (1958);Fr«ssetto,  Backus  and  Kays  (1962)  and 
Bary  (1966)  among  others,  and  correlations  have  been  found  within  particular  areas,  for  example, 
the  Mediterranean  Sea  and  Saanich  Inlet,  BrltiA  Columbia. 
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In  the  deep  ocean,  however,  broad  hydrographic  dependence  of  the  deep  scattering  layers 
has  no!  previously  been  investigated,  nor  has  a  major  boundary  current,  such  as  the  Gulf  Stream, 
been  examined  in  detail  for  its  effect  on  scattering  layer  patterns-  In  this  report,  we  propose  to 
examine  the  variations  in  1 2-kHz  scattering  patterns  within  and  peripheral  to  the  Gulf  Stream 
and,  by  relating  them  to  the  local  hydrography,  demonstrate  that  the  position  of  the  Gulf  So  cam 
and  of  the  characteristic  18°C  water  of  the  Sargasso  Sea  (Worthington,  1959)  may  be  determined 
from  the  acoustic  record  clone. 

METHODS 

Three  sets  of  echograms  o r  acoustic  scattering  layers  were  obtained  on  the  following  research 
cruises  between  New  Y'-rk  and  Bermuda:  Gibbs,  Oct.  25,  1968  to  Nov.  10,  1968  (Fig.  1);  Verna- 
2j,  Dec.  1,  1966  to  Dec.  5, 1966;  Vema-2b,  July  25, 1968  to  Aug.  1, 1968  (Fig.  2).  The  Gibbs 
obtained  concurrent  r  ydrographic  measurements  consisting  of  five  complete  hydrostatiens  and 
fifty  expendable  oathythermograph  (XBT)  measurements  taken  at  intervals  of  10  n.mi. 

(nautical  miles)  along  the  track  ir,  deep  '  ate*. 

The  Verna  and  Gibb,  '  ere  both  equipped  with  continuously  recording  1 2-kHz  Precision 
Depth  Recorders  (PDR)  employing  hull-mounted  transducers  pointing  directly  downward.  The 
transducer  output  beam  pattern  has  a  half-power  point  17°  off  the  vertical  axis;  the  input  signal 
is  filtered  for  a  narrow  bandpass  centered  at  12  kHz  so  that  what  appears  on  the  record  is  re¬ 
verberation  at  this  frequency  which  is,  however,  uncalibrated  with  respect  to  acoustic  energy 


f  igure  I.  Track  chart  for  the  November,  1967,  (Jihbs  cruise  from  ,(ermuda  to  New  York, 
l  imes  and  dates  are  marked  at  intervals  along  the  track  along  with  hydro-station  positions. 
(  rosshatching  aloitj,  the  truck  indicates  the  presence  of  the  deep  (220  to  320  fm)  non- 
migritory  laye.  o,  echogram  records.  The  general  position  of  the  boundary  between  the 
Gulf  St  main  and  slope  water  is  indicated  by  the  broad  arrow.  The  precise  point  where  the 
north  wall  i .  crossed  is  determined  from  the  temperature  profile  (fig.  6).  This  position  coin¬ 
cides  wilt,  the  disappear -tnce  of  the  deep  layer.  Letters  correspond  to  points  on  I’ig.  5. 


Figure  2.  Track  chart  for  the  Verna  cruises  with  time  marks  at  1200  and  2400  hrs  each  day. 
Crosshatching  tiong  the  track  indicates  presence  of  deep  (220  to  320  fm)  non  migratory 
layer  on  echogram  records.  For  each  cruise,  the  general  position  of  the  boundary  between 
Gulf  Stream  and  slope  water,  established  from  temperature  data,  is  indicated  by  the  broad 
arrow.  This  position  coincides  with  the  disappearance  of  the  deep  layer. 

levels.  The  recorder  stylus  normally  moves  in  a  1-sec  mode  which  displays  the  upper  400  fm  of 
the  water  column.  Previous  experience  in  this  geographical  region  using  a  10-sec  sweep  has 
shown  that  the  scattering  layers  do  not  appear  on  our  records  below  400  fm  so  that  a  1  -sec 
sweep  is  sufficient.  This  is  not  to  say  that  layers  of  biological  origin  are  not  present  below  400 
fm,  but  rather  that  these  instruments  do  not  record  them  as  acoustic  scatterers  at  depths  greater 
than  400  fm  i  t  the  western  North  Atlantic. 

The  echograms  from  all  cruises  were  inspected  at  hourly  intervals  for  the  depth,  thickness 
and  density*  of  the  layers  and  these  results  were  catalogued  on  punched  cards.  These  data  were 
combined  with  those  previously  obtained  from  echograms  from  oceanwide  cruises  over  the 
whole  North  Atlantic.  In  order  to  procure  the  most  useful  and  meaningful  variables  with  which 
to  describe  acoustic  scattering,  a  number  of  scattering  layer  parameters  were  deyised:  total 
thickness  (equal  to  the  sum  of  thickness  of  each  layer),  a  weighted  thickness  of  all  layers  (pro¬ 
duced  by  weighting  the  thickness  of  a  layer  with  a  density  factor),  depth  and  thickness  u 


•"Density"  was  a  qualitative  judgement  of  the  blackness  of  the  record  but  due  to  its  subjective  nature  was 
eliminated  as  a  factor  in  the  data  of  this  report. 
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individual  layers,  and  depth  of  the  bottom  of  the  deepest  kyer.*  Preliminary  plots  aiong  a  par¬ 
ticular  ship’s  track  and  contouring  of  these  variables  over  the  whole  North  Atlantic  indicated 
that  most  of  them  had  too  much  short-term  time  variability  and  did  not  seem  to  cluster  well  into 
homogeneous  groups  with  distinct  variations  from  area  to  area  in  the  Atlantic  Ocean. 
Beklemishev’s  (1964)  success  in  establishing  scattering  layer  provinces  in  the  Pacific  indicated 
that  it  was  not  unreasonable  to  expect  similar  geographical  homogeneity  in  the  North  Atlantic. 

In  our  study,  the  two  most  useful  variables  turned  out  to  be  the  total  thickness  of  all  layers  and 
the  depth  of  the  deepest  layer  Along  cruise  tracks  these  variables  were  relatively  stable  and, 
when  contoured,  they  demonstrated  interesting  homogeneity  within  hydrographicaliy  similar 
areas  of  the  North  Atlantic,  Of  the  two  variables,  the  behavior  of  the  deepest  layer,  as  monitored 
by  the  depth  to  its  lower  boundary,  is  used  as  the  primary  tool  in  analyzing  the  variation  of  scat¬ 
tering  across  the  Gulf  Stream, 

RESULTS 

The  results  of  examining  the  records  indicate  the  remarkable  uniformity  of  the  scattering 
layer  pattern  in  the  northwest  quadrant  of  the  Sargasso  Sea,  a  fact  which  may  be  illustrated  most 
clearly  by  the  Gibbs  echo-sounding  records  (Fig.  3). 

In  each  case,  the  day  scattering  layer  pattern  consists  of  a  surface  layer  from  the  surface  to 
80  fm;  one  or  two  random  intermediate  scattering  layers  at  depths  from  about  100  to  140  fm, 
and  a  deep  scattering  layer  occupying  depths  from  200  to  320  fm.  The  night  scattering  layer 
pattern  has  a  more  dense  surface  layer  extending  to  140  fm,  which  then  merges  with  a  very  finely 
laminated  horizontal  structure  from  140  to  200  fm;  and  a  deep  scattering  layer  (DSL)  from  220 
to  320  fm.  The  significant  feature  is  the  great  similarity  of  all  the  day  patterns  and  all  the  night 
patterns  and  the  ubiquitous  occurrence  of  a  deep  scattering  layer  from  220  to  320  fm. 

As  one  examines  the  records  along  the  Gibbs  track,  the  scattering  pattern  in  the  Sargasso  Sea 
at  0800  on  Nov.  4  (Fig.  4a)  is  the  standard  Sargasso  Sea  daytime  pattern  which  becomes  the 
standard,  but  less  dark,  nighttime  pattern  in  the  evening  (2000-2300)  of  Nov.  4  (Fig.  4b).  Three 
hours  later  (a  distance  of  30  n.mi.)  (Fig.  4c,  4d),  at  0200  on  Nov.  5  nothing  is  visible  except  a 
layer  from  0  to  1 00  fm  and  faint  patches  of  layering  extending  to  1 60  fm.  After  viewing  a  charac¬ 
teristic  scattering  pattern  unbroken  for  a  track  distance  of  500  n.mi.  in  the  Sargasso  Sea,  a  distinct 
interruption  in  the  intermediate  and  deep  layers  occurs  on  the  records  for  the  very  early  morning 
of  Nov.  5  from  0000  to  0600.  By  0900  on  Nov.  5  intermediate  layering  is  again  present  (Fig. 

4e)  at  a  depth  of  120  to  220  fm  and  is  migratory.  A  deep  migratory  layer  at  200  to  300  fms 
exists  but  could  not  be  reproduced  photographically  from  the  original  record.  On  the  night  of 
Nov.  5  the  deep  layers  extended  only  to  1 20  fm  (Fig.  4f). 

The  scattering  layer  data  obtained  by  the  Gibbs  can  be  divided  into  three  types: 

(1)  A  deep  layer  with  a  significant  nonmigratory  component, 

(2)  Absence  of  a  deep  scattering  layer,  and 

(3)  A  deep  layer  with  only  a  migratory  component. 

Figure  5  shows  the  extent  of  each  of  these  regimes  along  the  Gibbs  track.  To  what,  if  anything, 
can  we  relate  the  abrupt  changes  in  the  scattering  pattern?  According  to  the  bathythermograph 
profile  taken  on  the  Gibbs  cruise  (Fig.  6)  at  0200  Nov.  5  when  the  PDR  showed  no  DSL  at  all, 
the  research  vessel  passed  out  of  the  Gulf  Stream  into  the  slope  water  to  the  north.  The  deep  layer 


*Due  to  geometric  effects  with  the  conical  beam  pattern,  a  scatterer  may  appear  to  lie  at  a  greater  depth  and 
hence  a  layer  of  a  certain  thickness  will  be  represented  as  thicker  on  the  echosounder.  For  a  17°  half-power 
point,  the  change  in  thickness  is  about  5%  ami  will  not  invalidate  our  arguments. 
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Figure  3.  R/V  Gibbs  echograms  of  the  acoustic  scattering  layers.  These  are  all  from  Sargasso 
Sea  waters;  a,  c,  e,  are  daytime  records.  Oct.  29,  Nov.  1,  Nov.  4;  b,  d,  f  are  nighttime  records 
of  the  same  dates.  Each  record  covers  a  track  distance  of  IS  n.  mi.  A  blank  occurs  at  the  top 
of  each  record  from  the  surface  to  40  fm  due  to  a  malfunction  of  the  electronics  of  the 
PDR.  Photos  a,  b,  e,  and  f  show  the  bottom  in  a  position  which  apparently  is  at  the  same 
depth  with  the  deepest  scattering  layer  and  partially  obscures  it.  The  notable  fact  in  these 
six  records  is  the  ubiquitous  presence  of  the  deep  scattering  layer  at  a  depth  of  220  to  320 
fn.. 
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Figure  4.  R/V  Gibbt  echograms  of  the  acouitic  icattering  layers  obtained  in  three  water 
masses:  Sargasso  Sea,  the  Gulf  Stream  and  slope  water  (see  caption  for  Fig  3).  The  bottom 
partially  obscures  the  scattering  layer  in  a,  b,  and  c.  Picture  b  shows  line  due  to  the  Benthos 
depth  telemetry  pinger  and  e  shows  acoustic  reflection  from  die  lowered  instrument.  Echo¬ 
gram  d  is  a- direct  continuation  of  c.  Echograms  c  and  d  do  not  have  sufficient  resolution  to 
indicate  fine  layering  to  160  fm  which  is  visible  on  the  original  records. 
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Figure  5.  Depth  to  the  bottom  of  the  deepest  layer  (plotted  downward  fion.  a  base  line)  for 
R/V  Gibbs  cruise  between  New  York  and  Bermuda.  Crosshatching  indicates  a  nonmigratory 
DSL  component,  small  dots  indicate  no  DSL,  and  large  dots  regions  of  orJy  migratory  DSL. 
Letters  correspond  to  positions  along  the  track  chart  (Fig.  1). 


lying  at  220  to  320  fm,  which  was  ubiquitous  south  of  th  s  Gulf  Stream,  disappeared,  and  the 
characteristic  pattern  of  day  and  night  deep  scattering  layers  associated  with  the  waters  of  the 
Bermuda  area  had  totally  vanished.  The  reestablishment  of  scattering  occurred  at  daylight 
(0700)  on  Nov.  5  with  a  migratory  bottom  layer,  as  the  ship  entered  the  colder  water  to  the 
north  of  the  Gulf  Stream. 

A  particular  aspect  of  the  DSL  at  220  to  320  fm  in  the  Sargasso  Sea  region  may  be  understood 
by  referring  to  a  record  of  the  DSL  at  dusk  at  1800  Nov.  1, 1968  (Fig.  3d).  It  is  obvious  that 
there  is  a  migratory  component  from  the  DSL  which  ascends  at  dusk  and  joins  the  intermediate 
and  surface  layers,  and  also  a  nonmigratory  component  which  remains  at  the  daytime  level, 
becoming  slightly  less  dense.  The  significance  is  that  as  the  ship  passed  out  of  the  Sargasso  Sea, 
only  the  nonmigratory  component  of  the  DSL  at  220  to  320  fm  vanished  while  some  sort  of 
migratory  deep  layer  remained  and  exhibited  diurnal  migration  to  250  fm  in  the  slope  water  ;o 
the  north  of  the  Gulf  Stream. 

Another  example  of  this  behavior  is  shown  in  the  Gibbs  scattering  layer  record  for  Nov.  6  uid 
7  (Fig.  6),  as  the  ship  obliquely  reentered  the  Sargasso  Sea  by  traveling  at  a  small  angle  to  the 
axis  of  the  Gulf  Stream.  (Sec  track  chart  Fig.  1 .)  The  isotherms  (Fig.  6)  are  not  steep  and  the 
characteristic  Sargasso  deep  layers  were  not  encountered  until  1600  to  2000  Nov.  6.  That  this 
is  a  nonmigratory  layer  is  obvious  since  the  layer  attained  the  characteristic  300  fm  depth  at 
night.  The  ship  then  entered  the  slope  waters  at  0200  Nov.  7  and  the  normal  migratory  deep 
layer  was  present.  It  should  be  noted  that  the  three  Gibbs  crossings  mentioned  occurred  at  posi¬ 
tions  separated  by  distances  of  as  much  as  300  n.mi.  A  summary  of  these  comparative  pat¬ 
terns  is  presented  in  Table  1. 

The  echograms  obtained  on  Verna  23  and  26  can  also  be  divided  into  the  same  three  regimes 
found  on  the  Gibbs.  Since  no  bathythermograph  data  are  available,  these  profiles  are  related  to 
the  continuously  recorded  surface  temperature  trace  and  engine  induction  temperature  obtained 
aboard  the  R/V  Verna  (Fig.  7).  These  cruises  were  chosen  because  of  die  good  quality  of  the 
records  and  because  the  tracks  intersected  the  mean  position  of  the  Gulf  Stream  at  nearly  right 
angles.  A  constant  value  of  the  depth  of  the  bottom  of  the  DSL  throughout  a  24-hour  period 
indicates  that  the  DSL  has  a  nonmigratory  component.  In  each  case,  it  is  seen  that  as  the  surface 
temperature  drops  from  the  characteristically  high  Sargasso  Sea  values  indicating  passage  across 
the  Gulf  Stream  and  into  the  slope  water,  the  DSL  bottom  depth  decreases  from  320  fiw  to  be¬ 
tween  SO  to  100  fm  uid  then  establishes  a  diumally  fluctuating  value  with  a  maximum  depth  of 
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Table  1 .  Tabulation  of  Scattering  Layer  Levels  Across  the  Gulf  Stream 

(values  in  fathoms) 
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Day 

Night 

Day 

Night 

Day 

Night 
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0-80 
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0-80 

0-140 
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Scattering  Layer 

120-220 

0 

0 

0 
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140-220 

Deep  Scattering 
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Fifun  7.  Depth  to  the  bottom  of  the  deepest  layer  and  surface  temperatures  along  the 
Vtmt  26  tracks.  For  Vttm  26  it  should  be  noted  that  on  crossing  into  the  Sargasso  Sea  die 
tempers  tyre  increase  is  very  small  due  to  high  summer  slope  meter  temperatures.  The  pat¬ 
terned  areas  am  described  by  die  caption  for  Fig.  5. 


about  2S0  or  300  fm.  Hence,  on  the  records  for  these  three  crossings  for  summer,  autumn,  and 
winter,  the  existence  of  the  220-  to  3204m  deep  nonmigratory  layer  is  characteristic  of  the 
Sargasso  Sea,  and  the  northern  termination  of  this  layer  marks  the  position  of  the  Gulf  Stream. 


DISCUSSION 


Referring  to  the  graph  of  temperature  and  depth  of  the  deepest  scattering  layer  for  Gibbs 
(Fig.  6),  it  is  interesting  to  note  how  precisely  the  low  scattering  lies  between  the  17*-18*C 
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isotherms  of  the  Sargasso  Sea.  Even  as  the  Gibbs  reentered  the  Sargasso  Sea  on  November  6  the 
depth  and  thickness  of  the  deep  layer  appears  to  respond  to  small  fluctuations  in  the  depths  cf 
the  isotherms. 

Since  the  definition  of  water  masses  depends  on  both  temperature  and  salinity,  it  could  be 
interesting  to  see  if  the  deep  layer  resides  within  not  only  a  particular  temperature  range  but 
salinity  range  as  well,  i.e.  a  particular  water  mass.  At  depths  of  220  to  320  fm  at  five  Gibbs 
hydro  stations  (shown  on  Fig.  6)  the  salinity  values  were  determined  to  be  36.4  ±  0.1  °/oo  in 
the  Sargasso  Sea  and,  3S.0  ±  0.1  7oo  in  the  Gulf  Stream.  The  Sargasso  Sea  temperature  and 
salinity  data  agree  with  that  of  the  characteristic  Sargasso  Sea  water  mass,  i.e.,  17.9  ±  1°C  and 
36.5  ±  0.1  °/oo ,  discussed  by  Worthington  (1959).  The  significance,  therefore,  seems  to  be  that 
the  nonmigrating  deep  layer  corresponds,  over  the  area  investigated,  with  the  “18°C  water”  of 
the  Sargasso  Sea. 

A  more  oceanwide  connection  between  the  DSL  and  the  thermal  structure  of  the  water 
column  shows  that  the  correspondence  with  18°  water  tends  to  deteriorate  toward  the  east 
from  Bermuda.  This  may  be  seen  by  comparing  the  contour  plot  of  the  depth  of  the  deepest 
layer  and  the  depth  of  the  18°C  isotherm  in  the  Sargasso  Sea  (Fuglister,  1960)  (Figs.  8  and  9, 
respectively).  It  is  evident  from  the  Gibbs  data  (Fig.  6)  that  the  depth  of  the  18*C  isotherm 
corresponds  to  the  top  edge  of  the  deep  nonmigratory  layer  (220  to  320  fm).  These  contours 
of  DSL  and  18°C  isotherm  depth  are  stable  seasonally.  Histograms  of  “depth  of  DSL  basement” 
derived  from  records  obtained  from  1955  to  1969  were  plotted  monthly  and  indicate  that  there 
is  no  seasonal  change  in  the  depth  to  the  bottom  of  the  nonmigratory  DSL.  Similarly  Schroeder, 
Stommel,  Menzel,  and  Sutcliffe  (1959)  cited  the  extreme  stability  of  the  properties  of  the  18° 
water  throughout  the  85  years  considered  in  their  investigation.  The  concentric  contours  of 
both  plots  lead  to  the  striking  results  that  both  distributions  are  lenticular  but  the  positions  of 
their  maximum  depth  centers  do  not  coincide.  The  DSL  configuration  has  a  depth  of  over  340 
fm  which  is  located  in  the  area  of  35°N,  50*W.  But  the  maximum  depth  of  the  18*  water  is  far 
closer  to  North  America  at  30°N,  70°W  as  result  of  the  westward  intensification  of  the  North 
Atlantic  Gyre.  For  comparative  purposes  the  temperature  and  salinity  values  at  220  to  340  fm 
at  the  center  of  the  DSL  depression  are  in  the  range  of  15®  to  17*  and  36.0  to  36.4  */•♦  salinity, 
respectively. 

A  speculative  answer  to  the  question  as  to  why  the  DSL  center  is  shifted  to  the  east  may  be 
found  by  considering  the  effect  of  variations  of  light  levels  at  220  fm  in  the  North  Atlantic. 
From  the  examination  of  transparency  data  over  the  North  Atlantic  in  Schott  (1944),  an  ap¬ 
proximate  center  of  transparency  would  be  in  the  region  of  25#N,  45*W,  a  spot  east  of  the  po¬ 
sition  of  DSL  maximum  (Fig.  8).  These  data  show  the  transparency  to  be  constant  in  the  central 
North  Atlantic  and  decreasing  near  the  coasts.  Greater  transparency  results  in  a  given  level  of 
light  intensity  being  found  at  greater  depths  in  the  ocean.  Since  the  DSL  is  highly  photosensi¬ 
tive,  increased  light  levels  force  the  nounignting  DSL  deeper  to  a  depth  of  340  fm.  On  the 
other  hand,  at  the  center  of  maximum  transparency,  the  T-S  values  of  the  water  in  the  220  to 
320-frh  layer  are  13*  to  15*C  and  35.9  to  36.0*/*«  salinity  (Fuglister,  1960),  values  still  lower 
than  those  at  the  lower  DSL  level.  Hence,  the  difference  may  be  related  both  to  light  levels  and 
to  the  T-S  characteristics  of  the  water  mass  fat  that  level.  The  podtion  of  maximum  DSL  base¬ 
ment  depth  may  represent  a  balanced  response  to  these  two  sets  of  stimuli. 

One  important  problem  in  the  above  hypothesis  is  that  if  the  variations  in  light  levels,  due  to 
variations  in  transparency,  are  sufficient  to  override  the  T-S  dependence  characteristics  to  some 
extent,  why  then  does  the  much  greater  diurnal  variation  in  light  levels  produce  no  diurnal  re¬ 
sponse  in  the  nonmigratory  layer?  Possibly  this  implies  the  existence  of  organism  in  the  deep 
layer  which  have  response  times  on  the  order  of  days  and  are  not  susceptible  to  short-term  light 
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Figure  9.  The  contoured  plot  of  die  depth  in  fm  of  the  18°  isotherm  (bom  FugUiter)  plotted 
concurrently  with  the  podtion  of  the  DSL  maximum  end  a  center  of  transparency  for  the 
North  Adentic  (Schott,  1944). 


variations,  or  organisms  which  have  no  migratory  response  to  light  levels  whatever  and  position 
themselves  with  respect  to  the  lower  limits  of  the  species  which  do  migrate.  Figure  3d  could 
portray  this  behavior. 

Recently  Masuzawa  ( 1969)  showed  that  “18*C  water”  exists  in  the  western  subtropical  Pa¬ 
cific  Ocean.  It  would  be  of  interest  to  discover  if  there  were  any  nonmigratory  layers  in  the  Pa¬ 
cific  associated  with  this  homogeneous  wster  type. 

The  absence  of  any  scattering  along  the  50-mi.  transition  from  the  Sargasso  Sea  to  the  slope 
waters  was  clearly  evident  on  our  four  crossings.  This  absence  is  due  to  the  simple  fact  that  the 
Gulf  Stream  marks  a  severe  hydrological  boundary  (particularly  noticeable  at  the  north  wall) 
which  clearly  separates  the  biological  community  of  the  Sargasso  Sea  from  that  of  the  slope 
water.  The  abrupt  nature  of  the  discontinuity  across  the  north  wail  is  cited  by  Stommel  (1966) 
who  states  that  the  Gulf  Stream  maintains  its  integrity  and  identity  to  a  remarkable  degree  and 
“small  scale  turbulent  processes  tending  to  transfer  properties  across  the  strain  in  the  upper 
layer  are  inconsiderable.''  Biots  which  are  indigenous  to  the  Sargasso  Sea  or  slope  waters  appar¬ 
ently  cannot  adapt  to  the  sharp  gradients  of  salinity  and  temperature  encountered  in  crossing 
the  Stream  itself. 
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QUASI-SYNOPTIC  MEASUREMENTS 
OF  VOLUME  REVERBERATION  IN  THE 
WESTERN  NORTH  ATLANTIC 

Edward  E.  Davis 
U.S.  Naval  Oceanographic  Office 
Washington,  D.C. 

ABSTRACT 

During  May  1969  a  quasi-synoptic  measurement  study  using  airborne  techniques  and 
iimmmentation  was  undertaken  in  the  western  North  Atlantic  to  measure  volume  reverbera¬ 
tion  at  frequencies  between  0.8  and  3.2  kHz.  The  sites  selected  for  this  study  were  chosen  to 
transect  the  estimated  position  of  the  Gulf  Stream  along  three  tracks  north  of  Bermuda.  A 
correlation  was  attempted  between  the  measured  reverberation  levels  and  this  boundary. 

Scattering-strength  contours  for  daytime  and  nighttime  measurements  as  well  as  diurnal 
variation  were  examined  within  the  boundary  constraints  of  the  experiment.  An  interpreta¬ 
tion  of  the  resultant  scattering-strength  contours  for  frequencies  between  0.8  and  2.5 
kHz  and  temperature  regimes  dr  water  masses  observed  indicate  that  scattering  may  be 
influenced  by  the  Gulf  Stream  position.  Day  measurements  indicated  a  high  scatterinj 
center  north  of  the  Gulf  Stream,  and  a  low  scattering  center  to  the  south.  Maximum 
diurnal  variation  was  observed  where  maximum  nighttime  scattering  was  measured  and 
generally  occurred  south  of  the  Gulf  Stiearr.  No  direct  relationship  between  the  Gulf 
Stream  boundary  and  the  measured  reverberation  levels  was  observed  for  the  highest 
frequency  investigated,  in  particular  3.2  kHz. 


INTRODUCTION 

In  recent  years  observations  of  volume  reverberation  produced  by  the  re-radiation  of  imping¬ 
ing  sound  upor  swimbladder-bearing  organisms  associated  with  the  deep  stuttering  layer  (DSL) 
have  been  reported  by  various  investigators  as  a  function  of  geographic  area,  season,  and 
acoustic  frequency  (Adlington,  1967,  Marshall  and  Chapman,  1964,  Gold  and  Van  Schuyler, 
1966,  Hersey,  Backus  and  Hellwig,  1962).  Because  oceanographic  boundaries  may  affect  the 
distributional  i  hruracteristics  of  biological  organisms  commonly  found  within  the  DSL,  as 
suggested  by  Ebeling  ( 1 962),  an  airborne  quasi-synoptic  study  was  undertaken  in  May  1969 
to  investigate  the  effect  of  an  oceanographic  boundary,  in  particular  the  Gulf  Stream,  upon 
volume  scattering  conditions.  Because  the  primary  scattering  organisms  often  exhibit  diurnal 
depth  migrations  that  affect  the  frequency-dependent  characteristics  of  volume  reverberation, 
measurements  were  made  during  day  and  night  conditions.  The  measurement  sites  were 
chosen  to  transect  the  estimated  position  of  the  Gulf  Stream  between  Bermuda  and  Nova 
Scotia  along  three  longitudes  as  shown  in  Figure  1 . 

EXPERIMENTAL  METHOD  AND  DATA  ANALYSIS 

At  each  measurement  site  shown  in  Figure  1,  a  modified  sonobuoy  (Davis,  Parham,  and 
Kelly,  1968),  an  air  expendable  bathythermograph  (AXBT),  and  a  aeries  of  three  explosive 
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Figure  1.  Airborne  reverberation  stations 


sound  signals  were  dropped  from  an  aircraft  during  day  and  night  hours.  Daylight  hours  are 
defined  as  M/2  hours  after  sunrise  until  1-1/2  hours  before  sunset.  Nigh-  hours  are  defined 
as  1-1/2  hours  after  sunset  until  1-1/2  hours  before  sunrise.  The  sea  conditions  observed 
during  the  measurement  period  were  less  than  or  equal  to  sea  state  1.  Temperature  varia¬ 
tions  observed  from  the  AXBTs  taken  at  each  test  site  were  used  to  estimate  the  position  of 
the  Gulf  Stream. 

The  SSQ-41  sonobuoy  Is  a  modified  electronic  package  with  a  frequency  response  between 
0.8  and  3.2  kHz  that  activates  on  contact  with  the  water  and  deploys  an  omnidirectional  hydro¬ 
phone  to  a  depth  of  60  feet.  A  radio  link  between  the  monitoring  aircraft  and  sonobuoy  is 
used  to  telemeter  alt  acoustic  information,  as  well  as  a  calibration  pulse  that  is  used  for 
system  linearity  checks  and  data  analysis. 

The  explosive  sound  signals  used  were  broadband,  omnidirectional  sources  containing  1 .8 
lbs  of  TNT  with  a  0.07  !b  tetryl  booster  and  were  detonated  at  a  depth  of  60  feet.  The 
resulting  reverberation  levels  produced  by  inscnification  of  the  DSL  by  these  sound  signals, 
which  were  dropped  in  close  proximity  to  the  sonobuoys,  are  transmitted  to  the  monitoring 
aircraft  and  recorded  broadband  on  magnetic  tape  as  shown  in  Figure  2. 

The  analog  data  recorded  broadband  in  the  field  (Figure  2)  were  analyzed  using  one-third 
octave  bandwidth  filters  over  the  frequency  range  from  0.8  to  3.2  kHz.  These  filtered  data 
were  displayed  on  a  logarithmic  recorder  from  which  reverberation  levels  were  determined, 
utilizing  the  calibration  pulse  transmitted  by  the  sonobuoy.  A  typical  logarithmic  reverbera¬ 
tion  record  as  well  as  the  equation  for  determining  scattering  strength  from  explosive  sound 
signals  are  given  in  Figure  3  with  its  legend.  Each  series  of  reverberation-level  curves 
similar  to  that  shown  in  Figure  3  were  read  where  the  reverberation  exhibits  a  -30  log  t 
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Figure  2.  Airborne  acoustic  system 
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Figure  3.  Logarithmic  record  of  volume  reverberation  versui  time.  Tne  reverberation  pres¬ 
sure  level  equation  is: 


20  logp(f) 


10  log  f  M(z)  dr  -  30  log  f  + 10  log  £  +  it 
•Jq 


where: 


20  log  p(f) 
M(t) 
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K 


rms  reverberation  level  dB  re  1  dyn/cm* 

volume  scattering  coefficient  for  a  layer,  in  meter-! 

vertical  depth,  in  meters 

time  after  explosive  detonation,  in  seconds 

energy  per  unit  area  of  sound  source,  in  erg/cm* 

constant  (48  dB) 
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decay  and  at  times  when  the  surface  scattering  was  negligible.  The  scattering  strength  of  the 
water  column  has  been  presented  as  10  log  f$M{z)dz  by  Chapman  and  Marshall  (1966), 
Machlup  and  Hersey  (1955),  and  others  and  is  determined  from  the  measured  reverberation 
levels  that  characteristically  decay  at  a  rate  of  —30  log  t.  This  equation  was  used  to  describe 
the  amount  of  reverberation  produced  by  all  scatterers  in  a  water  column  of  depth  d  and  of 
1-  m*  cross  section.  If  the  reverberation  is  caused  by  a  series  of  horizontally  stratified  isotropic 
scatters  present  in  a  nonattenuating,  nonrefracting  medium,  and  if  its  distribution  is  a  function  of 
depth  only,  the  scattering-strength  equation  is  written  as  shown  in  Figure  3,  where  the  constant 
K  in  the  equation,  in  this  case  48  dB,  includes  a  correction  for  energy  reaching  the  scatterers 
by  surface-reflected  paths  and  1 0  log  E  is  the  energy  per  unit  area  at  1 00  yards  from  the  sound 
source  (Stockhausen,  1964).  Scattering  strengths  were  computed  for  all  frequencies  analyzed 
unless  reverberation  not  consistent  with  a  —30  leg  t  decay  was  present  (as  at  Station  4),  or  a  poor 
Mgnal-to-noise  ratio  was  observed. 

DISCUSSION  OF  RESULTS 

Scattering  strengths  as  a  function  of  frequency  were  determined  for  the  day  and  night 
measurements.  In  addition,  the  scattering-strength  results  were  examined  for  the  water 
masses  north  as  well  as  south  of  the  Gulf  Stream,  and  a  synoptic  analysis  using  contours  was 
attempted  to  enable  a  quantitative  interpretation  of  the  observed  results  in  the  area  under  study. 
The  analyses  were  performed  at  frequencies  from  0.8  to  3.2  kHz,  and  a  relationship  between 
scattering  conditions  and  the  estimated  position  of  the  Gulf  Stream  and  its  associated  water 
masses  was  investigated. 

Figure  4  illustrates  the  isotherm  contours,  determined  from  the  AXBTs,  at  100  feet,  with 
the  estimated  Gulf  Stream  position  superimposed  as  a  boundary  between  cold  and  warm 
water  masses.  From  this  data  it  appears  that  the  Gulf  Stream  was  transected  during  the 
measurement  study. 

Scattering-Strength  Variations 

Figures  5  and  6  illustrate  typical  scattering  strength  and  diurnal  variation  versus  frequency 
curves  where  diurnal  variation  is  defined  as  the  difference  between  nighttime  and  daytime 
scattering  strengths.  The  curves  are  presented  for  two  longitudes,  64°00'  W  and  60°00'  W, 
where  transects  of  the  Gulf  Stream  were  completed  and  are  annotated  as  to  their  relative 
position  with  respect  to  the  Gulf  Stream. 

Figure  5  shows  typical  scattering  strength  and  diurnal  variation  curves  for  three  stations  along 
longitude  64°00'  W.  It  is  observed  that  the  scattering  strengths  for  day  and  night  generally  in¬ 
crease  with  increasing  frequency  for  all  stations.  Stations  9  Day,  10  Day,  and  10  Night  also 
exhibit  a  knee  or  peak  at  frequencies  between  1.25  and  2.5  kHz.  Nighttime  scattering  strengths 
for  Stations  8  and  9,  to  the  south  of  the  Gulf  Stream,  are  as  great  as  15  dB  higher  than  day¬ 
time  measurements.  Station  10,  north  of  the  Gulf  Stream,  generally  has  scattering  strengths 
lower  than  Station  9  (just  south  of  the  Gulf  Stream)  and  exhibits  little  or  no  diurnal  variation  at 
frequencies  below  1.25  kHz.  Above  1.25  kHz  the  diurnal  variation  increases  rapidly  with  a 
maximum  of  1 3  dB  at  3.2  kHz.  For  stations  along  this  longitude  it  is  observed  that  diurnal 
variation  generally  decreases  northward  over  the  range  of  frequencies  analyzed. 

Figure  6  illustrates  scattering  strengths  and  diurnal  variations  for  the  three  stations  along 
longitude  60°00'  W.  It  is  observed  that  Stations  5  and  6  exhibit  several  unusual  scattering- 
strength  characteristics.  Station  5,  north  of  the  Gulf  Stream  and  in  the  coldest  water  mass 
observed  (T- 37CF),  has  daytime  scattering  strengths  that  decrease  with  increasing  frequency 
from  0.8  to  2.0  kHz  and  then  increasing  with  frequency  to  3.2  kHz.  Hie  nighttime  scattering 
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Figure  4.  Isotherm  contours  at  100  feet 


results  for  this  station  were  estimated  from  contour  plots  discussed  later.  The  estimated  night¬ 
time  scattering  strengths  at  this  station  also  show  scattering  frequency  reversals  for  frequencies 
between  0.8  to  2.5  kHz.  A  peak  in  nighttime  scattering  that  is  observed  at  2.0  kHz  has  been 
determined  from  the  contour  plots. 

Scattering-strength  measurements  at  Station  6,  just  south  of  the  Gulf  Stream,  indicate 
scattering  strengths  that  increase  with  increasing  frequency  for  day  observations.  Night  measure¬ 
ments  for  Station  6  indicate  a  strong  scattering  peak  at  1.6  kHz  with  a  diurnal  variation  of  25 
dB  present  at  this  frequency.  The  presence  of  such  a  dominant  peak  in  nighttime  scattering  may 
indicate  the  vertical  migration  of  a  Urge  number  of  potential  sound  scatterers  producing  a  strong 
low-frequency  resonance  at  1.6  kHz.  The  scattering  curves  for  Station  7  exhibit  a  general 
increase  with  frequency  with  a  knee  or  peak  at  1.6  kHz  and  diurnal  variations  between  10 
and  15  dB. 

Quasi- Synoptic  Contour  Analysis  of  Scattering  Strengths 

Figures  7  through  9  illustrate  the  scattering-strength  contour  analysis  for  day  and  night  mea¬ 
surements,  as  well  as  diurnal  variations,  for  frequencies  between  0.8  and  3.2  kHz.  Ail  scattering 
strength  values  (in  dedbels)  shown  in  the  fipires  are  negative,  and  “H"  and  “L”  designations 
indicate  relative  high  or  low  scattering.  For  discussion  purposes  it  was  found  that  contour  pat¬ 
terns  for  frequencies  of  1.25, 2.5,  and  3.2  kHz  are  representative  of  low-,  mid-,  and  high- 
frequencies  over  the  range  of  frequencies  analyzed. 

The  Gulf  Stream  boundary  delineated  by  the  iso  therms  at  100  feet  and  occurring  between 
cold  water  with  a  sharp  temperature  gradient  to  the  north  and  warm  water  with  a  weak  tempera¬ 
ture  gradient  to  the  south  is  also  superimposed  on  each  figure. 
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Figure  7.  Scattering-strength  contours  for  day  measurement* 


Day  Measurement* 

Although  it  was  observed  that  the  scattering  strengths  at  frequencies  between  0.8  and  2.5 
ktir  have  some  variance  in  contour  patterns  the  resultant  data  indicate  the  presence  of  two 
scattering  centers;  a  region  of  higher  scattering  to  the  north  of  the  Gulf  Stream  and  a  region 
of  lower  scattering  to  the  south  of  the  Gulf  Stream.  The  representative  contour  patterns 
shown  in  Figure  7,  indicate  the  presence  of  these  scattering  earners  which  appear  to  chants 
with  increasing  frequency.  With  increasing  frequency  the  scattering  gradients  become  weaker 
and  a  degradation  of  distinct  scattering  centers  occurs.  At  a  frequency  of  3.2  kHz  there  is  no 
indication  of  the  scattering  centers  observed  at  the  lower  frequencies,  and  the  highest 
scattering  strength  values  are  found  to  occur  to  the  northeast  and  southwest 
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The  high  nighttime  scattering  observed  for  1.25  kHz  itt  the  center  of  the  area  under  study 
occurs  near  or  at  the  Gulf  Stream  boundary.  At  2.5  and  3.2  kHz,  nighttime  scattering  strength 
characteristics  cannot  be  directly  related  to  the  Gulf  Stream  boundary. 

Okrnsl  Variation 

At  frequencies  between  0.8  and  2.5  kHz,  diurnal  variation  generally  exhibits  contour  patterns 
that  indicate  greatest  variation  occurring  in  the  region  of  highest  nighttime  scattering  (approxi¬ 
mately  61°00  W,  38°00'  N)  as  indicated  in  Figure  9.  A  gradual  change  in  contour  patterns 
occurs  with  increasing  frequency,  and  it  is  obaerved  that  3  2  kHz  shows  no  indication  of  the  hi*i 
central  variation  present  at  other  frequencies.  At  3.2  kHz  the  highest  variation  occurs  to  the 
west  and  decreases  to  the  southeast. 
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The  maximum  diurnal  variation  at  frequencies  of  1.25  and  2.5  kHz  appear  to  be 
located  near  or  below  the  southern  boundary  of  the  Gulf  Stream,  whereas  at  3.2  kHz  the 
highest  diurnal  variations  occur  to  the  west.  The  high  diurnal  variation  observed  may  be  a  result 
of  a  large  aggrega  ion  of  local  migratory  scattering  organisms  found  near  this  oceanographic 
boundary. 

SUMMARY 

The  results  of  a  quasi-synoptic  study  to  investigate  volume  scattering  strength  in  the 
vicinity  of  the  Gulf  Stream  indicate  the  following. 

1 .  Day  scattering  strength  contours  generally  indicate  two  local  centers  of  scattering  for 
frequencies  between  0.8  and  2.5  kHz;  a  high  scattering  center  in  the  cold  water  north  of  the 
Gulf  Stream  and  a  lower  scattering  center  in  warm  water  south  of  the  Gulf  Stream. 

2.  Night  measurements  indicate  maximum  scattering  strengths  at  approximately  61°00'  W, 
3ifWN. 

3.  The  diurnal  variation  is  observed  to  be  greatest  where  maximum  nighttime  scattering  is 
observed.  This  may  indicate  the  presence  of  large  aggregations  of  migratory  sound  scat¬ 
tered  near  the  Gulf  Stream. 

4.  High  diurnal  variations  south  of  the  Gulf  Stream  may  mask  the  influence  of  the  oceano¬ 
graphic  boundary  on  the  two  scattering  centers  observed  during  daytime  measurements. 

5.  From  the  contour  plots  it  appears  that  scattering  strength  variations  along  longitude  or 
latitude  circles  may  produce  sharp  scattering  gradients  over  short  distances. 

6.  Changing  contour  patterns  at  the  highest  frequency  investigated  during  this  study  (3.2 
kHz)  did  not  indicate  that  a  direct  relationship  exists  between  the  Gulf  Stream  boundary 
and  the  measured  reverberation  levels. 
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DISCUSSION 

Johnson:  The  data  for  each  station  consist  of  results  from  three  charges? 

Davis:  That  is  correct. 

Johnson:  And  they  are  dropped  within  100  ft  of  the  sonobuoy.  How  did  you  manage  to  place 
them  at  100  ft? 

Davis:  A  navigational  system  on  the  aircraft  used  for  operational  exercises  can  triangulate  on  a 
sonobuoy  and  drop  the  SUS  charge  within  100  ft  of  the  buoy.  Charges  have  often  dropped 
within  30  ft  and  many  times  they  have  hit  the  buoys.  We  work  with  an  operational  test  and 
evaluation  squadron  that  does  this  on  a  continuing  basis,  so  they  have  q’lite  a  bit  of  practice 
doing  this. 

Batzler:  1  am  sure  you  have  made  some  comparisons  with  the  shipboard  method  of  measure¬ 
ment.  Would  you  comment  on  this? 

Davis:  Airborne  measurements  in  an  area  where  some  data  were  collected  by  ship  produced 
scattering  results  that  were  comparable  within  a  couple  of  decibels.  This  area  was  east  of  the 
Bahamas.  Some  data  compared  with  data  collected  by  Dr.  Chapman  and  has  associates  indicate 
large  unexplained  differences  (sometimes  as  great  as  15  dB)  at  the  Gulf  Stream  boundary. 
Seasonal  dependence  in  the  North  Atlantic  Ocean  may  be  responsible  for  some  of  the  observed 
differences.  Perhaps  Dr.  Chapman  has  some  information  of  that  type. 

Chapman:  The  more  you  look  at  deep  scattering  layer  data,  the  more  tolerant  you  become  about 
the  differences. 

Winokur:  1  might  odd  that  comparison  of  some  data  collected  south  of  Bermuda  using  the  air¬ 
borne  technique  with  data  collected  by  Dr.  Chapman  indicates  some  very  excellent  agreement, 
•within  a  few  decibels. 

Davis  Mr.  Aldington  of  the  Defense  Research  Establishment  conducted  an  acoustic  study  along 
65°  west  longitude,  and  I  conducted  one  along  75°  west  in  the  same  oceanographic  province, 
south  of  Bermuda.  I  understand  that  the  biological  scattering  organisms  in  these  localities  are 
very  similar,  and  my  scattering  strength  curves  versus  latitude  are  very  similar  to  his.  The  Gulf 
Stream  seems  to  be  the  area  of  contention.  We  have  examined  the  temperature  profiles  at  each 
station  to  determine  whether  there  is  any  kind  of  irregular  sound  velocity  profile  that  might 
produce  shadow  zones  or  some  unusual  ray  plots,  but  this  is  not  indicated  in  any  of  the  stations 
I  have  shown  here. 

Horny:  I,  too.  could  be  very  sympathetic  with  variation*  of  1 5  dB,  but  2  am  curious  to  know 
about  the  consistency  between  groups  of  observation*  of  the  peak  frequencies  of  the  scatterers. 

I  would  hope  that  there  is  greater  consistency  there. 

Dovish  Well,  most  of  the  peaks  that  I  have  observed  in  rr.y  scattering  data  were  primarily  at 
1 .6  kHz,  and  I  cannot  correlate  H  with  any  of  the  migrating  organisms  in  the  water  column,  if 
that  is  whs:  you  mean. 

Hmey:  Excuse  me  My  question,  I  guert,  was  directed  really  to  you  and  Dr.  Chapman  a  to 
whether  these  Urge  differences  that  you  note  where  you  both  observed  in  the  same  place  are  only 
characteristics  of  the  levels.  Do  you  observe  your  frequency  perdu  at  the  arm  frequency? 

Chapmen  I  hare  a  comment  which  i  think  is  relevant.  I  w01  make  it  in  my  paper. 
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Davis:  Most  of  my  data  is  at  lower  frequencies  than  Dr.  Chapman's  data,  so  it’s  difficult  to  make 
a  direct  comparison.  I  have  observed  similar  trends  at  some  of  the  same  frequencies  at  which 
Mr.  Adliiigton  has  collected  data,  but  most  of  my  data  are  below  3.2  kHz,  and  I  believe 
Dr.  Chapman’s  usually  extend  in  a  band  between  1 .6  kHz  and  20  kHz.  For  the  crossover 
frequency  b~nds,  I  have  few  comparisons. 

Hersey:  Th,s  is  more  for  clarification,  but  your  1.6  kHz  peak,  as  1  recall,  was  consistently 
observed  throughout  the  whole  area,  was  it  not,  independently  of  whether  it  was  north  or  south 
of  the  Gulf  Stream? 

Davis:  Yes,  it  was. 

Winokur:  As  I  recall,  Dr.  Chapman’s  data  are  reported  in  octave  bands,  and  these  data  are  for 
one-third  octave  bands,  so  there’s  only  one  point  of  comparison  over  the  range  of  frequencies. 
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ABSTRACT 

Since  1959,  an  acoustic  investigation  has  been  made  of  the  characteristics  of  scattering 
layers  in  the  deep  ocean.  Marked  variations  of  scattering  strengths  and  layer  depths  were 
observed  as  a  function  of  time  of  day,  frequency,  and  location.  The  greatest  variations  in 
scattering  str  igths  with  location  took  place  near  oceanographic  boundaries.  Sound  sources 
for  the  experiments  were  explosives  fired  near  the  surface.  Measurements  were  made  with 
both  omnidirectional  and  directional  wideband  receivers.  The  measurement  and  analysis 
techniques  are  illustrated  using  data  collected  in  the  North  and  South  Atlantic  and  in  the 
North  Pacific. 


Since  1959,  the  Defence  Research  Establishment  Atlantic  has  been  engaged  in  a  program  to 
measure  the  acoustic  properties  of  deep  scattering  layers.  Most  of  the  Measurements  have  been 
made  in  the  North  Atlantic,  although  within  the  past  6  months,  the  investigation  has  been  ex¬ 
panded  to  include  sites  in  the  South  Atlantic  and  the  North  Pacific.  As  the  analysis  of  the 
most  recent  data  has  yet  *o  be  completed,  most  of  the  experimental  results  presented  in  this 
paper  were  obtained  in  the  North  Atlantic  and  adjacent  seas. 

The  extent  of  our  coverage  of  these  areas  is  shown  in  Figure  1.  A  total  of  136  sets  of 
measurements,  usually  beginning  2  hours  before  and  ending  2  hours  after  sunset,  was 
made  during  16  cruises.  A  number  of  sites,  particularly  those  between  Halifax  and  Bermuda  and 
Halifax  and  the  Azores,  were  visited  more  than  once. 

The  shaded  areas  are  oceanographic  boundaries:  that  north  of  Iceland,  the  polar  front;  that 
extending  from  Iceland  to  just  south  of  Nova  Scotia,  the  secondary  polar  front;  and  that  south 
of  Bermuda,  the  subtropical  convergence.  Farquhar  (1)  examined  the  information  available 
on  the  geographic  distribution  of  various  species  of  fish  likely  to  make  rn^jor  contributions  to 
the  reverberation  from  deep  scattering  layers,  and  concluded  that  they  would  tend  to  be  con¬ 
fined  by  these  boundaries.  Thus,  one  might  expect  to  have  reverberation  provinces  with  fairly 
well  defined  boundaries, 

The  sites  visited  in  the  North  Pacific  in  November  1969  and  ji  the  South  Atlantic  from 
November  1969  to  January  1970  are  shown  in  Figure  2.  Thirty-two  sets  of  measurements  were 
made  in  the  North  Pacific  between  the  mouth  of  the  Columbia  River  and  the  Panama  Canal,  and 
forty-five  sets  of  measurements  were  made  in  the  South  Atlantic  between  the  Equator  and  the 
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island  of  South  Georgia.  The  solid  lines  in  the  figure  are  oceanographic  boundaries  (2). 

In  the  Pacific,  the  line  of  stations  intersects  the  northernmost  boundary  at  approximately 
30°  and  10°  N.  In  the  Atlantic,  the  measurement  sites  span  both  the  subtropical  convergence 
that  lies  between  30°  and  40°  S.  and  the  Antarctic  convergence  near  50°  S. 

In  this  paper,  information  will  be  presented  on  the  scattering  strength  and  depth  of  deep 
scattering  layers  and  their  dependence  on  location,  time  of  day,  and  frequency.  The  data  pre¬ 
sented  lend  support  to  the  reverberation  province  hypothesis.  Some  data  also  will  be  presented 
on  the  size  of  scatterers  responsible  for  the  observed  reverberation. 

Various  experimental  arrangements  have  been  used,  evolving  into  that  shown  in  Figure  3. 

The  sound  sources  for  the  experiments  were  1-lb  TNT  charges  fired  approximately  0.5  m  below 
the  sea  surface.  This  permitted  the  bubble  to  break  through  the  surface  before  the  emission  of 
the  first  bubble  pulse,  thus  eliminating  the  ambiguities  in  layer  depth  associated  with  a  multiple 
pulse  source.  The  backscattered  sound  was  received  on  an  omnidirectional  hydrophone  and  on  a 
wideband,  directional  receiving  array;  both  operated  at  a  depth  of  10  m  and  over  a  frequency 
range  from  a  few  hundred  Hz  to  25.6  kHz. 

The  array  consists  of  a  line  hydrophone  on  the  axis  of  a  90°  cone  of  2-ra  aperture.  The 
effective  aperture  and,  hence,  the  beamwidth  is  varied  by  selecting  different  lengths  of  the  line 
hydrophone.  For  example,  a  beamwidth  of  1 1°  can  be  obtained  at  the  geometric  mean  fre¬ 
quency  of  each  of  the  three  octaves  covering  the  range  from  3.2  to  25.6  kHz.  This  arrangement 
has  been  used  in  all  experiments  carried  out  during  the  past  2  years  in  cruises  off  the  Grand 
Banks,  between  Halifax  and  the  Azores,  in  the  North  Pacific  and  Caribbean,  and  in  the  South 
Atlantic.  In  a  number  of  earlier  experiments,  the  high-frequency  cutoff  of  the  omnidirectional 
hydrophone  was  one  to  two  octaves  lower;  two  ship-mounted,  narrowband,  echo-sounder  arrays 
operating  at  5  and  12  kHz  were  used  as  receivers  instead  of  the  cone. 

All  data  were  recorded  wideband  in  analog  form  on  magnetic  tape.  Later  they  were  played 
back  through  octave-band  filters  and  a  variety  of  spectrum  analyzers.  The  octave-band  data  were 
displayed  on  level  recorders  to  provide  traces  of  the  form  shown  in  Figure  4. 


> 


Figure  3.  Experimental  arrangrment  used  in  recent 
experiments 
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Figure  4.  Reverberation  level 
versus  time  and  equivalent 
depth  measured  with  the 
“cone"  ir.  the  Caribbean 


The  traces  are  of  reverberation  level  in  the  3.2-  to  6.4-kHz  octave  versus  time  t  after  the 
explosion,  measured  in  the  Caribbean  south  of  Haiti.  The  equivalent  depth  scale  is  shown  on 
the  right.  In  the  trace  on  the  left,  obtained  with  the  omnidirectional  hydrophone,  there  is 
evidence  of  layers  at  depths  of  450  and  650  m.  Below  the  bottom  layer,  the  reverberation  falls 
off  at  -30  log  t,  consistent  with  the  decay  of  reverberation  from  horizontal  layers  of  isotropic 
scatterers.  The  trace  on  the  right  shows  the  increased  definition  of  the  scattering  layers  obtained 
using  the  full  aperture  of  the  cone.  From  the  portion  of  the  omnitrace  that  decays  at  -30 
log  r,  a  quantity  can  be  readily  computed  that  we  call  the  scattering  strength  of  the  water 
column  (3).  This  quantity,  10  log  M,  dz,  is  the  target  strength  of  a  column  of  water  1  m2  in 
cross  section  extending  from  the  see  surface  down  to  a  depth  d.  The  depth  of  the  column  is 
sufficiently  great  to  include  all  the  scatterers  that  make  a  significant  contribution  to  the  reverbera¬ 
tion  in  the  frequency  band  considered.  The  scattering  strength  of  the  water  column  has  turned 
out  to  be  quite  a  useftil  quantity,  which  can  be  obtained  with  extremely  simple  measurement 
and  analysis  techniques.  It  is  convenient  for  indicating  gross  changes  in  reverberation  conditions 
with  location,  time  of  day,  and  season. 

If  more  details  are  required,  such  as  scattering  layer  depth  or  the  distribution  of  the  volume 
scattering  strength  Mt  with  depth  z,  it  is  better  to  go  to  the  additional  complication  of  using 
directional  wideband  receivers  such  as  the  cone  (4,5),  or  to  make  measurements  at  short  ranges 
using  sound  sources  and  receivers  lowered  into  the  layers  (6,7). 

In  the  North  Atlantic,  three  cruises  were  made  over  a  limited  range  of  latitudes:  Halifax  to 
Gibraltar  in  August  1964,  Halifax  to  the  Azores  in  April  1969,  and  through  the  Caribbean  in 
December  1969.  In  each  cruise,  considerable  distances  were  covered  in  the  same  water  mass  in 
For  example,  10  log  M ,  versus  depth  profiles  obtained  using  near  surface  fired  charges  and  the 
5-kHz  directional  receiving  array  on  the  cruise  between  Halifax  and  Gibraltar  are  shown  in 
Figure  5.  The  recovery  characteristics  of  tire  system  were  such  that  data  are  reliable  only  for 
depths  greater  than  50  m.  The  daytime  profiles  are  on  the  top  and  the  nighttime  profiles  are  on 
the  bottom  of  the  figure.  The  shaded  areas  indicate  scattering  strengths  per  unit  volume  ex¬ 
ceeding  -80  dB.  At  this  frequency,  there  is  a  nonmigrating  layer  at  a  depth  of  approximately  600 
m  extending  from  10°  to  37°  W.  At  night  there  is  appreciably  more  scattering  at  shallow  depths, 
presumably  caused  by  scatterers  that  resonate  near  5  kHz  but  which  are  deeper  and  resonate  at 
higher  frequencies  during  the  day. 
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Figure  5.  Profile*  of  volume  icattering  strength 
versus  depth  between  Halifax  and  Gibraltar 


Nighttime  values  of  the  octave-band  scattering  strengths  of  the  water  column  for  the  same 
cruise  are  shown  in  Figure  6.  The  scattering  strengths  in  the  top  octave  have  been  increased  by 
10  dB  to  keep  them  separate  from  those  in  the  middle  octave.  There  is  a  consistent  decrease  in 
scattering  strength  from  the  Azores  to  Gibraltar,  which  may  be  associated  with  the  outflow  of 
Mediterranean  water. 

Somewhat  larger  variations  in  scattering  strengths  have  been  experienced  in  going  from  north 
to  south  in  the  North  Atlantic.  For  example,  volume  scattering  strength  versus  depth  profiles 
measured  with  explosives  and  the  5-kHz  array  at  the  sites  visited  just  south  of  Iceland  and  just 
north  of  Puerto  Rico  are  shown  in  Figure  7.  The  traces  on  the  left  are  representative  of  those  for 
all  stations  between  Bermuda  and  Puerto  Rico;  those  on  the  right  are  representative  of  those  sta¬ 
tions  between  Newfoundland  and  Iceland,  except  for  the  four  closest  to  Newfoundland. 

The  dashed  lines  represent  the  daytime  values  of  scattering  strength  and  the  solid  lines,  the 
nighttime  values.  During  the  day,  the  dominant  layer  is  deeper  and  has  a  higher  scattering 
strength  at  the  northern  station;  the  peak  value  of  scattering  strength  is  IS  dB  greater,  whereas 
the  scattering  layer  depth  of 400  m  is  approximately  half  that  of  the  southern  station.  At  night  at 
both  stations,  the  scattering  strength  increases  at  the  shallower  depths,  but  again,  not  at  the 
expense  of  the  scattering  strength  of  the  deepest  layer.  This  is  a  common  feature  at  nearly  all 
the  sites  that  we  have  visited;  there  are  usually  an  appreciable  number  of  the  larger  scatterers 
that  undergo  little  or  no  change  in  depth  with  time  of  day. 

That  very  large  changes  in  scattering  strength  can  take  place  over  relatively  short  distances 
is  illustrated  in  Figure  8.  here  we  have  daytime  values  of  icattering  strength  (open  triangles) 
and  nighttime  values  (solid  triangles)  in  the  1 .6-  to  3.2-kHz  octave  for  the  line  from  Halifax  to 
Puerto  Rico.  Halifax  is  on  the  right  and  Puerto  Rico  is  on  the  left;  the  dashed  line  is  at  the 
latitude  of  Bermuda.  The  differences  between  the  values  of  the  scattering  itrength  of  +he  water 
column  measured  during  the  day  and  those  measured  at  night  are  large  at  the  southern  stations 
(of  the  order  of  20  dB)  and  decrease  toward  the  north.  There  is  a  very  striking  change  in 
scattering  strength  south  of  Bermuda  near  the  location  of  the  subtropical  convergence. 

The  nighttime  values  of  scattering  strength  in  this  octave  for  ail  the  stations  visited  in  the 
North  Atlantic  and  adjacent  seas  are  shown  in  Figure  9.  The  various  shadings  correspond  to 
groupings  of  icattering  strengths  in  6-dB  intervals;  the  darker  the  shading,  the  higher  the  scatter¬ 
ing  strength.  The  dominant  features  shown  here  occur  in  the  other  frequency  bands  studied. 
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Figure  6.  Nighttime  values  of  octave-band 
scattering  strengths  of  the  water  column 
between  Halifax  and  Gibraltar 
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Figure  7.  Volume-scattering  strength  versus  depth 
profiles  for  typical  sites  south  of  Iceland  and 
north  of  Puerto  Rico  (dashed  lines  -  day,  solid 
line«=  night) 


Figure  8.  Scattering  strength  of  the  water 
column  between  Halifax  and  Puerto  Rico 
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Figure  9.  Nighttime  value*  of  the  scattering  strength  of 
the  water  column  in  the  1.6-  to  3.2-kHz  octave  for  the 
North  Atlantic  and  adjacent  seas 


Scattering  strengths  can  be  relatively  constant  over  large  distances;  but  they  may  exhibit 
sharp  discontinuities,  frequently  occurring  near  the  boundary  separating  two  water  masses. 

The  decrease  in  scattering  strength  between  the  Azores  and  Gibraltar  and  the  abrupt  discon¬ 
tinuity  near  the  subtropical  convergence  south  of  Bermuda  have  been  discussed  earlier  in  the 
paper.  The  scattering  strength  starts  to  increase  near  Puerto  Rico,  and  these  higher  values  are 
maintained  in  the  Caribbean.  There  is  a  decrease  in  scattering  strength  in  crossing  the  secondary 
polar  front  from  east  to  west  near  Newfoundland;  there  is  a  gradual  increase  toward  the  north¬ 
east.  North  of  Iceland  there  are  significant  differences  in  sound  scattering  on  the  opposite  sides 
of  the  polar  front,  the  deep  scattering  layers  tending  to  disappear  on  the  western  side  (8). 

As  the  analysis  of  the  data  from  the  South  Atlantic  has  just  begun,  only  one  figure  will 
be  presented  showing  the  geographic  variation  of  the  scattering  strength  of  the  water  column 
in  the  3.2-  to  6.4-kHz  octave.  In  Figure  10,  the  dependence  of  scattering  strength  on  latitude 
is  shown  for  the  line  of  stations  along  30°  W.  The  dominant  features  shown  here  occur  in  all 
frequency  bands  studied.  As  a  point  of  reference,  the  scattering  strengths  and  their  dependence 
on  frequency  at  the  northmost  stations  are  very  similar  to  the  stations  just  north  of  the  Azores. 
In  this  figure,  a  fairly  well-behaved  dependence  of  scattering  strength  on  latitude  is  shown. 

Some  of  the  more  dramatic  changes  take  place  near  oceanographic  boundaries.  There  is  a  rapid 
increase  near  the  location  of  the  subtropical  convergence  between  30°  ami  40°  S  and  a  peak  in 
scattering  strength  at  48°  S  near  the  Antarctic  convergence,  followed  by  a  very  rapid  decrease 
towards  the  south.  This  peak  also  occurs  10°  to  the  west  on  the  line  between  South  Georgia 
and  Buenos  Aires. 

Figure  1 1  shows  the  scattering  strength  of  the  water  column  in  the  1 .6-  to  3.2-kHz  octave  for 
the  sites  visited  in  the  North  Pacific.  Again,  there  is  a  very  pronounced  and  fairly  well-behaved 
dependence  of  scattering  strength  on  latitude,  rapid  decreases  and  increases  occurring  between 
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5°  and  10°  N  and  20°  to  40°  N,  respectively.  The  overall  change  of  scattering  strength  in  tills 
octave  band  with  latitude  is  quite  large,  exceeding  25  dB.  The  diurnal  variation  in  scattering 
strength  in  this  octave  is  much  smaller  than  that  observed  in  the  Atlantic.  This  is  consistent  with 
the  ±2  dB  variation  at  3  kHz  observed  by  Balder  (9)  at  a  location  200  *niles  southwest  of 
San  Diego. 

To  obtain  insight  into  how  these  changes  in  scattering  strength  are  related  to  changes  in  layer 
structure,  the  octave-band  reverberation  levels  measured  with  the  cone  were  examined.  Repre¬ 
sentative  traces  measured  in  midmoming  are  shown  in  Figure  12.  Traces  for  the  1 .6-  to  3.2-kHz 
octave  are  shown  at  the  top  of  the  figure,  and  those  for  the  6.4-  to  12.8-kHz  octave  at  the 
bottom.  The  shaded  areas  indicate  reverberation  levels  exceeding  an  arbitrary  reference  level, 
which  is  the  same  for  each  trace.  The  traces  labelled  45°  N  on  the  left  of  the  figure  are 
representative  of  those  found  between  the  mouth  of  the  Columbia  River  ami  an  area  about  200 
miles  south  of  San  Diego.  Strong  layers  appear  in  the  1.6-  to  3.2-kHz  band  at  depths  of  500  and 
1 ,000  m.  The  former  layer  undergoes  some  changes  with  location:  it  divides  iito  two  layers  at 
about  35°  N,  then  reunites  to  become  a  single,  shallower,  and  weaker  layer  at  29°N,  and  is  not 
evident  at  the  southmost  stations.  This  and  the  prominent  layer  at  about  1 ,000  m  undergo 
little,  if  any,  diurnal  migration.  The  1,000-m  layer  weakens  toward  the  south  and  disappears 
off  Baja  California. 

In  the  higher  frequency  band,  a  layer  at  about  350  m  persists  at  all  stations.  There  is  some 
evidence  that  this  layer  does  not  migrate,  although  generally  the  reverberation  trace  fills  in  and 
individual  layers  tend  to  be  masked  at  night.  At  about  29°  N, where  the  low  frequency  scattering 
layer  at  about  1 ,000  m  begins  to  weaken,  a  new  layer  can  be  seen  forming  at  essentially  the  same 
depth  in  the  6.4-  to  12.8-kHz  octave.  This  scattering  layer  aiso  eventually  weakens  and  is  not 
seen  at  the  stations  at  or  below  9*N.  The  transition  stations  at  29s  and  9®N  correspond  to  the 
locations  where  an  oceanographic  boundary  shown  in  Figure  2  crosses  our  line  of  stations. 

From  what  we  have  seen  so  far  in  all  three  ocean  areas  visited,  scattering  strengths  tend  to 
change  in  a  fairly  well-behaved  manner  over  distances  of  many  hundreds  of  miles.  On  a  number 
of  occasions,  the  more  dramatic  changes  take  place  in  the  neighborhood  of  oceanographic 
boundaries. 

The  deep,  nonmigrating  scattering  layers  that  are  effective  at  low  frequencies  imply  the 
existence  of  relatively  large  scatterers.  The  effective  radius  or  the  dominant  scat  terer  in  the 
1 ,000-m,  low-frequency  layer  shown  in  Figure  1 2,  calculated  using  Minnaert's  equation  for  a 
spherical  bubble  (10),  is  1 .8  cm.  This  can  be  compared  with  0.54  cm,  which  is  the  radius  of  the 
largest  scatterer  found  in  our  earlier  measurements  between  Halifax  »nd  Bermuda  (3).  Since 
then,  however,  we  have  obtained  evidence  of  larger  scatterers  at  a  number  of  other  locations: 
northeast  of  Newfoundland,  in  the  Norwegian  Sea,  near  the  Azores,  and  in  the  western  North 
Atlantic  south  of  the  Gulf  Stream  and  off  the  tail  of  the  Grand  Banks.  They  were  approximately 
1 .000  m  deep  except  in  the  Norwegian  Sea  and  off  the  tail  of  the  Grand  Banks,  where  they  were 
found  at  depths  of  approximately  1 80  and  400  m,  respectively.  The  estimated  sizes  of  the  effec¬ 
tive  radii  of  the  gasbladderi  are  0.72  cm  in  the  Norwegian  Sea.  1.1  cm  northeast  of  Newfound¬ 
land,  and  1.5  to?. 0  cm  off  the  Azores  and  in  the  western  North  Atlantic. 
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DISCUSSION 

Mnokur  Can  you  explain  the  leek  of  diurnal  variation,  or  do  you  have  any  indication  of  why 
there  is  a  lack  of  diurnal  variation  In  the  Pacific? 

Chapman:  In  this  1  6-  to  3.2-kHz  octave,  there  is  appreciably  leu  diumai  variation  in  the 
Pacific  than  in  the  Atlantic  data.  In  the  next  higher  octave,  3.2  to  6.4  kHz,  the  situation  is  re¬ 
versed.  The  variations  art  obviously  related  to  the  sizes  of  the  scatterers  present  and  their 
migration  characteristics,  but  we  do  not  have  a  detailed  explanation. 

Pearcy  Do  any  of  these  1 ,000-m  layers  that  you  report  show  any  day-night  migrations?  Also, 
how  far  offshore  were  you  in  th*  nr-rdmistern  Pacific? 

CSapmm  The  stations  are  approximately  140  miles  off  the  coast.  As  far  as  we  have  been  able 
to  determine  from  the  records,  there  is  no  diurnal  migration  of  the  1 ,000-m  layers. 
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Dunlap:  I  would  just  like  to  confirm  with  you  the  boundaries  in  the  Pacific.  Maybe  I  could 
talk  with  you  later,  but  some  of  the  boundary  lines  that  you  drew  there  look  fairly  familiar. 

I  would  like  to  confirm  what  you  ire  using  a*  &  baris  there. 

Chapman:  This  was  in  a  textbook.  Dcitrich’s  General  Oceanography;  in  fact,  we  took  the 
boundaries  of  current  system?,  and  1  appreciate  that  this  probably  may  not  be  the  right  way. 

Dunlap:  My  comment  is  that  yon  were  mentioning  water  masses,  whereas  it  is  mainly  one  general 
water  mass.  It  depends  on  how  you  define  it. 

Chapman:  This  may  not  be  the  right  way  to  do  it,  but  these  data  came  back  within  the  last 
month,  and  we  had  to  'ake  a  little  shortcut  in  defining  our  boundaries,  Pm  afraid. 

Barham:  I  think  part  of  the  problem  we  have  is  that  most  biologists  are  familiar  with  the 
scattering  layer  when  v,e  record  it  on  cn  echo  sounder,  originally  at  24  and  18  and  now  usually 
at  12  kHz.  So  this  is  our  concept ,*and  when  we  lode  at  data  at  the  frequencies  that  you  show 
us,  we  have  a  hard  time  equating  what  we  know.  The  net  hauis,  the  submersible  dives,  etc.,  are 
directed  primarily  to  feaf  ires  that  traditionally  we  have  been  able  to  record  wi!h  a  good  echo 
sounder  from  a  surface  ship.  And  I  wonder  whether  in  fact  wt  not  tttemut  to  delineate 

between  these  midfrequency  scatterers  which  form  the  strata  that  we  adi  scaueong  layers  rjf-d 
these  much  lower  frequency  things  that  apparently  just  stay  pretty  close  V'  constant  depth. 

Of  course,  we  also  have  scatterers  at  the  familiar  frequency  that  migrate  but  little  if  at  all. 

Would  you  comment  on  that? 

Chapman:  1  do  not  know  really  what  to  say  on  that.  1  tl  nk  that  the  sort  of  techniques  that  we 
had  here  are  not  that  complicated.  The  cone  that  we  use  has  become  a  fairly  standard  operation. 

I  really  think  one  ought  to  use  a  wideband  directional  projector. 

hinokur:  1  might  point  out  that  the  geologists  and  geophysicists  have  switched  ic  a  tower- 
frequency  directional  echo  sounder,  and  perhaps  die  biologist*  should  consider  dcing  the  same 
thing. 

Hiney  My  first  comment  is  on  the  graph  you  have  shown  of  variation  in  the  Pacific  where 
the  low-frequency  layer  in  high  latitude,  I  believe  it  was,  terminates  south  of  29“  N  and  was 
replaced  by  a  higher  frequency  one.  At  least  with  the  resdutsem  that  you  provided  there,  this 
agrees  rather  well  with  a  marked  thermal  front.  W  ne  her  it  is  a  legitim? oceanographic 
boundary,  1  will  leave  to  somebody  eise.  But  that  is »  ;y  vhsrp  boundary. 

Chapman:  Yes.  And  there  seemed  to  be  something  else  at  10"  N  too. 

Kenty:  I  would  certainly  second  Bob  Wliysfcuf  $  urging  that  the  biologists  start  using  lower 
frequency  echo  sounders  which  are  more  and  more  available.  These  instruments  are  at  first 
discouraging.  You  seldom  see  any  scattering  layers  on  them  during  daylight,  but  commonly 
must  wait  until  after  sunset  when  they  usually  ire  evident  My  third  comment  is  that  bob 
Chapman  and  his  Canadian  colleagues  am  certainly  to  be  congratulated  for  their  overwhelming 
and  brilliant  coverage  of  the  Atlantic  and  now  the  Pacific  Ocean.  1  certainly  congratulate  you. 

Chapman:  Thank  you. 

Clarke,  W. :  1  would  like  to  add  (me  more  dung  on  29*  N.  Wooster  at  Scrtppe  described  this  same 
front.  It  lies  off  Cabo  San  Lazaro,  Baja  Calitorr.it;  south  of  that  you  have  an  extreme  02 
minimum  which  goes  down  to  1 ,000  m.  In  fact,  Jut  is  about  the  bottom  of  it.  If  you  look  at 
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the  zoogeography  in  the  area,  there  is  quite  a  change  in  fauna.  There  is  a  very  distinct  fauna  in 
that  widespread  02  minimum  layer.  And  below  the  layer  you  get  some  elements  that  cross 
through  the  tropical  region  underneath  it.  Other  midwater  species  are  stopped  because  their 
vertical  range  is  at  the  same  level  as  the  2  minimum  layer,  but  they  do  cross  the  tropical  region 
in  the  western  Pacific,  so  that  02  minimum  body  of  water  in  the  eastern  Pacific  is  quite  an 
effective  biological  barrier. 

Batzler:  Let  me  also  express  my  admiration -and  I  have  to  say  envy— for  what  Bob  has  done  in 
the  Pacific.  I  might  say  that  we  have  occasionally  -een  this  deep  layer,  and  I  think  it  is  pertinent 
because  of  his  suggestion  that  we  use  broadbana  sources.  We  have  some  that  cover  a  fairly  wide 
frequency  band,  but  I  do  not  think  that  they  will  work  as  well  as  the  explosive  source  with  the 
cone,  because,  as  1  say,  we  have  seldom  seen  this  deep  layer.  I  might  also  say  that  we  are  doing 
broadband  work  off  San  Diego  in  a  seasonal  study  that  we  have  started,  and  his  paper  has  given 
us  many  points  that  I  hope  we  will  be  able  to  use  in  making  seasonal  comparison 

McCartney  :  I  would  like  to  confirm  the  statement  made  by  Dr.  Hersey  that  on  low-frequency 
equipments  used  for  subbottom  profiling,  we  have  seen  very  little  evidence  of  any  scattering 
layers.  I  would  like  to  ask  Bob  Chapman  whether  he  has  made  any  estimates  of  the  number  of 
scatterers  in  these  low-frequency  resonant  layers.  Knowing  the  resonant  frequency,  you  have  a 
good  idea  of  the  size  and  hence  of  the  Urget  strength  of  one  individual,  and  you  know  the 
scattering  coefficient.  How  many  fish  per  unit  volume  does  this  correspond  to? 

G'.apman :  Well,  I  think  Orest  Bluy  will  provide  us  with  the  numbers  corresponding  to  the  layer 
northeast  of  mid-Newfoundland. 

Biuy  The  peak  densities  of  the  large,  low-frequencv  resonant  scatterers  at  several  stations 
northeast  of  Newfoundland  r.re  abou'  0  X!0**/m3  or  ten  fish  per  million  cubic  meters. 

At  one  station  where  th  ,  layer  v-a;  particularly  prominent,  peak  densities  of  100  x  10”*/m3 
were  observed. 


VOLUME  BACKSCATTERING  MEASUREMENTS  AT 
12  kHz  IN  THF  MEDITERRANEAN  SEA  AND 
DESCRIPTION  OF  A  MUXTIPLE  FREQUENCY 
SOUNDER  FOR  FURTHER  INVESTIGATIONS 

Christian  Jeannin 

Laboratoire  de  Detection  Sous-Marine 
du  Brusc,  France 


ABSTRACT 

Observations  of  scanning  layers  have  been  conducted  for  two  years  in  an  area  of  100  x  25 
niles  ne^  Toulon  in  connection  with  temperature-salinity  measurements  and  biological 
sampling.  Volume  backseat tering  at  12  kHz,  measured  with  an  echo  sounder,  is  expressed  as 
reverberation  index  versus  depth  (50  to  1500  m);  it  exhibits  the  following  general  features: 

(a)  Stratification  and  statistical  properties  -  three  layers.  Upper  -  from  surface  to  1.00  m, 
diffuse  and  discrete  scattering.  Intermediate  -  mean  depth  350  m,  thickness  100  to  300  m, 
index  -80  to  -70  dB/nT^,  partial  diel  migration  and  diffuse  scattering  even  at  night  near 
surface.  Deep  -  mean  depth  800  m,  thickness  200  to  400  m,  index  -90  to  -75  dB/m  -*,  dif¬ 
fuse  scattering;  (b)  DiumJ  migrations  ~  regular  ascent  at  sunset,  dependence  with  meteor¬ 
ological  conditions  for  descent  at  sunrise;  sad  (c)  Seasonal  variations  -  increased  scatter¬ 
ing  between  the  upper  and  intermediate  layers  in  May  and  June.  Such  acoustic  measure¬ 
ments  will  be  extended  in  depth,  frequency  and  area  by  using  a  specially  designed  towed 
sounder  with  following  characteristics:  frequency  range  2.5  kHz  to  5  kHz  by  100  Hz 
steps,  acoustic  level  126  to  130  dB  i;  1  ^bar,  pulse  length  10,  100,  and  500  msec,  automatic 
recording. 


INTRODUCTION 

Depuis  la  fin  de  Fannde  1967  le  Laboratoire  de  Detection  Sous-Marine  du  Brusc  dtudie  en  liai¬ 
son  avec  la  Station  Marine  d’Endoume  (Faculty  des  Sciences  de  Marseille)  les  propriety  des 
couches  diffusantes  du  milieu  marin. 

Le  present  expose  a  pour  but  de  degager  les  traits  principaux  des  observations  et  mesures 
acoustiques  faites  avec  un  sondeur  grand  fond  a  1 2  kHz  au  rythme  de  24  heures  tous  les  deux 
mois  en  1968  et  de  trois  a  quatre  jours  tous  les  trois  mois  par  la  suite,  sur  une  zone  s’dtendant  de 
Marseille  a  Vdiefranche  jusqu’a  une  distance  de  25  Nautiques  de  la  cote. 

INDEX  DE  REVERBERATION 
Definition 

Le  pouvoir  de  retrodiffusion  acoustique  d’un  volume  V  est  caracterise  par  son  index  de  rever¬ 
beration  ry  tel  que: 
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.  y  -  !lL-  intensity  rdtrodiffusde 
v  I.  intensity  incidents 

!d 

Soit  en  ddcibels:  Rv  dB/m~3  =  10  log— —  10  log  V 

Lorsque  les  dldments  diffusants  sont  rdpartis  an  hasard  Penveloppe  du  signal  rdverbdrd  est  une 
grandeur  aldatoire  dont  la  den  jtd  de  probability  suit  une  loi  de  RAYLEIGH  (Reference  I  page 
64),  loi  a  une  dimension  telle  que  le  coefficient  de  variation: 

deviation  standard  ,  ,  ,  ,  .. 

y  =  — . - —  est  dgal  a  0.52. 

valeur  moyenne 


Calcui 

Dans  le  cas  du  sondage  vertical,  la  perte  de  propagation  par  divergence  gdorndtrique  est  dgale 
a  (1/Z2)  et  le  calcui  gdndral  (Reference  2  page  1 90)  sc  simplific.  L’intensitd /-(0)  rdverbdrde 
dans  la  direction  6  par  le  volume  dldmentaire  de  revolution  hachurd  est: 


IR(Q)  =  rv  */o  •  b3  (6)  sin  d  iter— — •  e 

Z^ 


-2  aZ 


avec  I Q 

m 

r 

c 


intensity  dans  Paxe  a  remission 
fonction  de  directivity  du  sondeur 
durde  d’dmission 
Vitesse  du  son 


On  pent  remarquer  que  Pintensity  rdfidchie,  rdpartie  en  b2(6)  pour  un  rdflecteur  seul,  Pest  ici 
suivant  b2(6)‘  sin  0. 

La  loi  de  variation  en  fonction  du  temps  t  de  Pintensity  totale  IR  s’obtient  en  integrant  et  en 
remplagant  Z  pur  (ct/2)  et  s’exprime  en  logarithmes: 


lOlog  ~f~~Rv  +  lObg  — +  lOlogT-2Ologf-0cr  + 

r/2 

b*(6)  *sin0  • dO 

L’amortissement  du  son  est  /?  =  1  dB/km  a  12  kHz  et  une  vitesse  moyenne  de  propagation 
c  »  1510  m/s  donne  en  Mdditerrande  une  erreur  sur  Pimmersion  inferieure  a  1  metre  jusqu’ri  750 
metres  et  croissant  ensuite  jusqu’a  8  metres  a  Pimmersion  de  1500  metres. 


MESURES  ET  DEPOUILLEMENT 
Materiel  de  mesure 

Les  mesures  faites  avec  un  dmetteur-rdeepteur  enregistreur  (GDR-T)  Oceansonics  associd  a  un 
transducteur  EDO  353  montd  sur  poisson  ORE,  sont  exploitdes  qualitativement  sur  le  grsphique 
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et  quantitativement  par  enregistrement  magndtique  analogique  et  calcui  numdrique  en  Labora- 
toire. 

Le  sondeur  grands  fonds  a  pour  caractdristiques: 

-  Emission:  Niveau  10 log /o  -  llOdfi  re  1  /xbar 

Impulsions  de  durde  r  =  1  a  50  ms  a  la  frequence  1 2  kHz 

-  Reception:  Sensibilite  Sh  =  -72  .'7m bar 

-  La  directi  vile  Emission  reception  de  23°  a  3  dB  donne  un  volume  insonifid  thdorique 

V  3  =  (r  10,5)  pour  une  repartition  en  b2(0)  mais  en  fait  enVron  trois  fois 

tn 

plus  grand  soit  r  •  Z2/3,5  pour  la  reverberation  (repartition  b2(8)  •  sin  0);  ainsi  par  ex- 
emple:  F~3.1G4rrr  pour  r  =  10  ms  etZ=  300  m. 


Depouillement  numdrique 


Soient  n  emissions  successives  et  F„le  niveau 
du  signal  rdverbdrd  a  l’instant  J{.  apres  Ja  jieme 
impulsion.  L’index  de  reverberation  Rvj  et  le  co¬ 
efficient  de  variation  y{  correspondants  se  dd- 
duisent  de  l’amplitude  moyene: 


<  y>  =£^~ 

i  n 


par  les  expressions: 


et  de  1’intensitd  moyenne: 


<V>-^ 


/*xf=-101ogG  +  10  log  <  17  >  +  20  log +(kt{ 


ou  G  est  une  constante 


r  <v* > 

n  ^vi  1 
n-1  (<  Vj>  )* 


RESULTATS 
Propriety  statistique* 

Les  courbes  de  la  Figure  1  metteni  en  evidence  I’influence  du  nombre  d’impulsion  pris  en 
compte  et  de  la  durde  d’dmission  sur  les  valeurs  de  l’index  et  du  coefficient  de  variation  (a 
gauche  sur  les  graphiques). 
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La  reflexion  des  ondes  sur  un  dldment  diffusant  present  pendant  une  partie  seulement  de 
l’enregistrement  ou  variable  en  immersion  donne  un  y  supdrieur  a  1  et  correspond  souvent  a  un 
dcho  discret  sur  le  graphique.  Ceci  se  produit  lorsque  le  volume  insonifid  et  la  densite'  des  dif- 
fuseurs  son  faibles,  c’est-a-dire  de  jour  aux  petites  immersions  pour  des  impulsions  courtes 
(Fig.  1  jusqu’a  150  mdtres).  Dans  les  autres  cas,  la  rdverbdration  suit  une  loi  de  RAYLEIGH 
avec  7  voisin  de  0,52  et  donne  un  dcho  diffus  sur  le  graphique. 

Les  profils  de  rdverbdration,  obtenus  avec  des  durdes  d’dmission  diffdrentes,  sont  comparables 
avec  une  mise  en  valeur  de  la  stmcture  fine  pour  les  impulsions  courtes  et  une  diminution  du 
bruit  de  fond  pour  les  impulsions  longues  (ex.  courbes  n°  2  et  4). 

Lorsque  le  nombre  d’enregistrements  pris  en  compte  pour  le  calcul  de  la  moyenne  est  petit, 
le  coefficient  de  variation  n’est  plus  dgal  d  0,52,  mais  la  comparaison  des  courbes  3  et  4  montre 
que  le  tracd  avec  10  impulsions  est  ddjd  une  bonne  approximation  du  tracd  avec  120  impulsions. 

Dans  le  cas  gdndral,  la  moyenne  a  dtd  faite  sur  une  vingtaine  d’impulsions  de  50  ms.  Ces 
me  sure  s  sont  compldtdes  par  des  mesures  a  10  ms  la  nuit  (Mai  et  Octobre  1968)  ou  pendant  les 
migrations  (Mars  et  Juin  1969). 

Evolution  journalidre 

Les  Figures  2  a  4  donnent  quelques  exemples  devolution  de  Tindex  sur  des  pdriodes  dgales 
ou  supdrieures  a  24  heures. 

A  la  partie  supdrieure,  le  temps  est 
portd  en  heure  locale  (temps  universel 
plus  une)  en  ne  tenant  pas  compte  des 
heures  de  nuit  sans  mesures.  Les  courbes 
d’index  ont  pour  rdfdrence  Rv  =  -75  dB 
sur  la  vertical  HQ  =  instant  de  mesure  in- 
diqud  au  bas  du  graphique  et  sont  tracdes 
a  1’dcheUe  30  dB/cm  en  ne  considdrant  que 
les  valeurs  supdrieures  a  -  82,5 . 

La  date  des  mesures,  leurs,  coordonndes 
moyennes  et  les  heures  de  lever  et  coucher 
du  soleil  sont  indiqudes  dans  le  cartouche. 

Ces  courbes  sont  caractdristiques  des 
enregistrements  faits  depuis  1967  et  met* 
tent  en  dvidence  trois  maximum  de  l’index, 
correspondent  sur  le  graphique  d  trois 
couches :  superficielle  de  0  a  150  mdtres, 
intermddiaire  en  moyenne  &  350  mdtres  et 
profonde  vers  800  mdtres.  Le  phototactisme  des  dldments  diffusants  se  manifeste  par  leurs 
mouvements  au  lever  et  au  coucher  du  soleil,  leur  contraction  et  dilatation  de  jour  ou  de  nuit  et 
immersion  variable  d’un  jour  a  1’autre. 

Ce  comportement  est  particulidrement  net  pour  la  couche  intermddiaire  :  dans  l’aprds-midi, 
certains  dldments  remontent  d’abord  lentement  en  provoquant  une  contraction  de  la  couche 
(diminution  de  l’dpaisseur,  augmentation  de  1’index),  puis  la  migration  s’accdldre  jusqu’  i 
3  mdtres  par  minute  en  fb.  d’aprds-midi  pour  se  terminer  au  moment  du  coucher  du  soleil  en 
venant  combler  la  zone  sans  diffusion  observde  de  jour  vers  150  i  250  m.  La  diminution  d’index 
qui  devrait  en  rdsulter  est  compensde  par  la  remontde  d’dldments  profonds,  migration  que  Ton 
peut  observer  sur  certains  enregistrements  graphiques.  Pendant  la  nuit,  cette  couche  supdrieure 
se  modifie  en  se  sdparam  en  deux  parties :  l’une  prds  de  la  surface  est  plus  dpaisse  que  le  jour, 


temps  en 

1400  heure 
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et  certains  de  ses  dldments  migrent  rdgulierement  vers  ia  seconde  partie  environ  deux  heures 
avant  le  lever  du  soleil ;  la  descente  de  la  couche  intermddiaire  formde  la  nuit  depend  de  Fen- 
soleillement  de  sorte  que  Timmersion  maximum  atteinte  entre  12  H  00  et  14  H  00  varie  d’un 
jour  a  l’autre,  en  Mars  1969  par  exemple  (Figure  3,  tracd  infdrieur)  oil  les  conditions  mdtd- 
orologiques  dtaient  tres  mauvaises,  cette  couche  est  reside  pres  de  la  surface. 

Variations  saisonnieres  et  spatiales 

Sur  la  Figure  S,  nous  avons  portd  quelques  courbes  caractdristiques  de  mesures  s’dtendant 
chacune  sur  deux  a  trois  jours  avec  en  traits  pleins  deux  profils  relevds  en  milieu  de  journde  et 
en  pointillds  un  profit  pris  en  ddbut  de  nuit  avant  la  sdparation  de  la  couche  supdrieure. 

Les  couches  n°  1  et  n°  2  relevdes  a  la  meme  dpoque  sur  des  zones  distantes  de  60  Nautiques 
sont  trds  voisines  alors  que  les  couches  n°  2  et  n°  4  relevdes  au  meme  point  en  Janvier  et  Juin 
sont  diffdrentes  et  prdsentent  les  caractdristiques  suivantes : 


29  -  31  JANVIER  1969 

L  _ 

10  -  12  JUIN  1969 

Immersion 

moyenne 

Epaiaseur 

Index 

(dB) 

Immersion 

moyenne 

Epaiaseur 

Index 

(dB) 

Zone  superficielle 

25  m 

50m 

-86 

m 

60m 
30  m 

-78 

-80 

Zone  inter mddiaire 

300  m 

100  m 

-74 

400m 

E2I 

-73 

Zone  profonde 

700  m 

150  m 

-78 

900  m 

m 

-81 

On  observe  done  en  Juin  un  dlargissement  des  couches  et  une  plus  grande  diffusion  dans  la 
zone  de  la  surface  jusqu’  a  300  mdtres ;  cette  augmentation  est  particulidrement  nette  sur  1’en- 
registrement  graphique  correspondant. 

Bien  que  les  mesures  considdrdes  s’dtendent  sur  pluskurs  jours,  i’interprdtation  des  variations 
saisonnidres  et  spatiales  est  limitde  par  les  conditions  mdtdorologiques  du  moment  (par  exemple 
Mars  1969  tracd  n°  3  Figure  7)  et  de  nombreuses  observations  sont  ndeessaires  avant  de  pouvoir 
tirer  des  conclusions. 

A  fortiori,  ceci  rend  difficile  1’dtude  des  fluctuations  d'unr  annde  a  l’autre. 

SONDEUR  4  FREQUENCE  VARIABLE 

Cette  dtude  prdliminaire  4  12  k!Iz  dans  la  rdgion  de  TOULON  sera  dtendue  en  immerskm, 
frdquence  et  zones  oedaniques  par  Tutilisation  d'un  sondcur  vertical  congu  apdeiaiement. 

Ses  caractdristiques  sont  les  suivantes ; 

Frdquence  de  travail  de  2,5  kHz  ii  5  kHz  variable  par  pas  de  100  Hz 
Durdes  des  impulsions :  10  -  100  et  500  ms 
Niveau  dominion  :  126  4  130  dB  re  1  Mbar 
Corrections  automatiques  du  gain  4  I’enregistrement. 

Enregistrement  digital  des  paramdtres ;  heure  de  me  sure,  coordonndes,  vitesse  et  immersion 
du  sondeur. 

Grande  surface  du  tranaducteur  donnant  une  ouverture  de  lobe  dg ale  4  20°  4  24  kHz. 

Stability  du  remorquage  4  30  mdtres,  assurde  par  la  forme  du  poison  et  controlde  par  un 
capteur  d’immersion  et  deux  inciino mdtres. 

Mesure  de  1’  eclairement  par  photometre  incorpord  au  poisaon  et  dirige  vers  la  surface. 


VOLUME  BACKSCATTERLNIG  MEASUREMENTS 
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CONCLUSION 

Let  meai  res  de  reverberation  faitcs  dans  U  region  de  TOULON  depuls  deux  ins  ont  permis  de 
ddgager  quelques  propridtis  qui  »eront  con.pWt^es  par  unc  dtude  de  correlation  avec  ie*  prekve- 
ments  biologiques  at  let  permit  res  physiques.  L’interprdtation  4*  ces  rdailtats  cst  Umiuk  par 
1'emptoi  d’une  seuie  frequence,  ie  manque  de  mesure  de  Pdclairement  et  ie  faible  niveau  d'dmis- 
skm  du  sondeur.  Ces  iacunes  seront  combines  par  ie  sondeur  i  frequence  variable  qui,  grlce  au 
nombre  de  donndes  lecueiilies,  pennettrs  de  precise r  ies  lois  de  variation  de  is  diffusion  acous- 
tique  et  contribuers  tins!  i  one  meilkure  connai stance  du  milieu  marin. 


AN  ACOUSTICALLY  DETERMINED  DISTRIBUTION  OF 
RESONANT  SCATTERING  NORTH  OF  OAHU 
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Washington,  D.C. 


ABSTRACT 

T  his  paper  summarize*  the  results  of  an  explosive  echo  study  of  deep  scattering  layer 
located  at  24°31N,  157°50'w.  The  parameters  coiisidered  a* s:  the  depth*  and  thicknesses 
of  the  layers  of  maximum  acoustic  altering,  their  scattering  strengths  in  the  frequency 
range  0.8  to  20  kHz,  and  their  daily  vertical  excursions;  also  the  resonant  frequency,  sw»m- 
btadder  size,  and  population  density  of  the  dominant  scatterers.  A  hypothesized  resonant 
scatter*!  size-distribution  curve,  developed  by  extending  existing  mathematical  formulations 
is  preserved. 


INTRODUCTION 

Deep  scattering  layer*  have  become  the  subject  of  extensive  field  investigations  (1  -6)  and  theo¬ 
retical  work  (7-10).  Evidence  relating  the  dependence  of  these  scattering  layers  upon  variables 
such  as  time  of  day,  season,  geographic  location,  and  oceanographic  data  has  accumulated 
rapidly.  Farther,  various  investigators  (3, 5, 9, 1 1)  have  concluded  that  mesopdagic  fishes  are 
primarily  responsible  for  this  backicattering  of  underwater  sound,  particularly  those  possessing 
swimbladders. 

This  paper  summarizes  the  acoustic  results  from  a  study  conducted  during  May  1968  of  a 
deep  scattering  layer  in  an  area  located  approximately  200  nautical  miles  north  of  Oahu  at 
24°3rN,  1S7°50'W.  The  objective  of  the  paper  is  to  describe  the  size  and  depth  distribution  of 
those  individuals  comprising  the  scattering  laye;,  based  on  the  analysis  of  explosive  source  re¬ 
verberation  data. 

EXPERIMENTAL  METHOD 

Omnidirectional  explosive  "point"  charges  were  detonated  in  close  proximity  to  a  broad 
band  omnidirectional  receiving  hydrophone,  with  both  located  at  a  nominal  depth  of  60  feet. 
Approximately  1 20  charges  were  detonated  in  completing  acoustic  measuremen*  sequences  to 
determine  the  scattering  strength  of  the  water  column  for  devtime,  nighttime,  and  transition 
periods.  Bill  daytime  followed  by  full  nighttime  measurements  were  completed  on  one  day  and 
then  repeated  several  days  liter.  The  maximum  areal  separation  for  all &  quences  did  net  exceed 
7  miles.  All  measun  ments  were  conducted  under  "quiet  ship"  conditions,  with  the  ship  hove  to 
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and  drifting  at  1  knot  or  !e«v  Each  daytime  and  nighttime  measurement  sequence  was  accom¬ 
plished  by  detonating  1 0 1  ■  :  .sive  charges  over  a  relatively  short  interval  of  about  I  hour  at 
times  when  the  scattering  layers  were  most  stable. 

THEORY 

Because  most  of  the  applicable  scattering  theory  and  equations  are  taken  from  Weston  (7), 
Chapman  (8),  Andreeva  (9),  and  Mohammed  (10),  the  discussion  here  is  limited  to  the  develop¬ 
ment  of  the  sintering  layer  results  presented. 

Acoustic  Properties  of  Fish  with  Swimbladderc 

The  resonant  frequency  of  a  gas-filled  fish  swimbladder  is  given  by  Andreeva  (9)  as: 


/3Tr0+4^,Y 

- — j 


where  /  is  the  resonant  frequency  in  cycles  per  second,  R  is  the  effective  radius  of  the  s’vim- 
bladder  in  centimeters,  PQ  is  the  hydrostatic  pressure  in  dynes  per  square  centimeter,  is  the 
ratio  of  specific  heats  of  the  swimbladder  gas  at  constant  pressure  and  volume,  p  is  the  density 
of  sea  water  in  grams  per  cubic  centimeter,  and  p,  represents  the  real  part  of  the  complex  shear 
modulus  of  fish  tissue  varying  between  limsts  of  10*  and  10  dyn/cm2  (9). 

Similarly,  the  expression  relating  the  acoustic  scatteiing  cross  section  of  the  fish  swimbladder 
to  frequency  is  j&vcst  by. 


r/4‘ 
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wheie  0  accounts  for  the  influence  of  reradiation,  thermal,  and  viscous  losses  upon  the  fish- 
swimbladder  sys*em  (9).  The  major  loss  mechanisms  are  viscosity  near  the  surface,  and  reradia- 
tion  foi  depths  exceeding  200  meters  {•/).  Further,  the  small  thermal  losses  render  the  Q  vir 
tuaily  independent  of  frequency  with  a  maximum  value  approaching  10  at  a  depth  of  200  m. 

Number  of  Resonant  Scatterers 

It  can  be  shown  that  each  cubic  meter  of  ocean,  specified  at  2  depth  r,  and  containing n  scat 
terers,  each  of  acoustic  cross  section  a.  can  be  characterized  by  a  backscattenng  coefficient 
given  by : 


The  assumptions  implied  in  equation  (3)  arc:  (1 )  the  total  number  of  scatterers  is  a  function 
solely  of  depth.  (2)  their  acoustic  croa  sections  at  aepth  depend  only  on  frequency,  and  (3) 
there  is  negligible  acoustic  inte  action  between  scatterers,  i.e.,  multiple  scattering  and  coherent 
scattering  does  not  occur.  These  qualifications  will  be  met  for  a  sufficiently  diffuse  concentra¬ 
tion  of  approximately  equal  swimbladder  size  scatterers  in  a  layer  ’Thin"  enough  so  that  the  Q 
and,  consequently, /  remains  essentially  constant  over  iht  thickness  of  the  layer. 


.  ^  V  H!  >  i  F* 


The  average  backseat  ter  mg  coefficient,  for  a  vert-cal  distribution  of  sound  scatterers  extend¬ 
ing  from  the  surface  down  to  depth  d  is  given  by 


n:  Mz/Gif)\Hif)  I1  dfdz 
f  G(f)  I H(f)  Is  df 


where  G(f)  is  the  power  spectrum  of  the  sound  source  and  I  H(f)  I2  is  the  power  spectrum  of  the 
filter  (1U). 

Determination  of  the  primary  scattering  layer’s  depth  and  also  its  scattering  strength  as  a 
function  of  frequency  makes  possible  the  segregation  of  the  dominant  scatterers  within  the  lay¬ 
er  according  to  their  effective  swimbladder  radius  R.  This  results  in  a  biological  scatterer  size- 
population  density  curve  for  the  layer.  Equations  (2),  (3),  and  (4)  can  then  be  combined  to 
obtain: 


1%,*  = 


G(f)\H(f)\2  df 


where  N =  /*  n(z)dz  and  expresses  the  number  of  resonant  scatterers  of  radius  R  present  in  a 
1-m*  cross  section  column  of  water  extending  from  the  surface  to  the  layer  bottom  d.  Given 
the  layer  thickness  A,  the  number  of  scatterers  per  cubic  meter  in  the  layer  can  be  determined 

by: 

nl  Hr  (7 


The  results  presented  here  for  sound  scatterer  densities  were  derived  from  a  one-third  octave 
band  frequency  analysis  of  the  explosive  source  scattering  results  and  the  numerical  integration 
solution  of  equation  (5)  derived  by  Mohammed  (10). 

Scattering  Strength  of  the  Water  Column 
The  applicable  equation  for  analysis  is: 


10  log 


dz  =  20Iog/>~  10  log#  +  301ogr  +  acf-48 


where  P  is  the  RMS  pressure  in  dynes  per  square  centimeter  of  the  reverberation  level  for  the 
analysis  bandwidth,  E  the  source  energy  per  unit  area  in  ergs  per  square  centimeter  measured  at 
100  m  for  a  similar  bandwidth,  t  the  time  after  detonation  in  seconds,  a  the  attenuation  coef¬ 
ficient  in  dB/m,  and  48  is  a  constant  dependent  upon  experimental  geometry. 

The  scattering  layers  are  treated  as  occupying  horizontal  segments  of  the  wster  column 
bounded  by  the  sea  surface  and  the  bottom  of  the  deepest  layer  present.  Further,  within  any 
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given  horizontal  plane  the  scatterer  concentration  ii  assumed  both  isotropic  and  constant  The 
time-variant  signal  produced  by  insonification  of  ordered  layers  !  predicted  to  decay  exponen¬ 
tially  at  -30  log  t  (in  decibels)  afier  penetration  of  the  bottom  of  the  deepest  layer  present. 

Prior  to  this  time/depth  the  scattering  return  is  changing  because  of  contributions  from  succes¬ 
sively  deeper  layers.  Therefore,  the  “scattering  strength  of  the  water  column,"  ie.,  the  integrated 
or  total  backscattering  strength  of  a  1-m-sq  cross  section  water  column  extending  from  the  3ea 
surface  to  the  depth  d  of  the  bottom  of  the  deepest  layer  for  the  analysis  bandwidth  used,  must 
be  determined  after  penetration  of  the  deepest  layer  present  has  occurred. 

Identification  of  Scattering  Layers 

For  an  omnidirectional  hydrophone-source  combination  located  above  the  scattering  layers 
a  spectrum  comparison  of  selected  samples  of  the  scattered  return  can  be  used  to  identify  the 
major  scattering  layers.  A  sample  of  the  reverberation  taken  at  time  r.  after  detonation  will  con¬ 
sist  of  scattering  produced  by  all  insonified  targets  present  between  the  surface  and  the  depth 
rfj  given  by  cfj/2.  Another  sample  taken  at  r2,  t2>  t. .  will  consist  of  all  those  scatterers  re¬ 
sponsible  for  the  first  sample  plus  those  in  the  interval  -  d2,  and  so  on.  Using  this  technique 
and  others  discussed  in  the  following  section,  the  dominant  layer  of  this  study  was  identified. 

RESULTS 

Frequency  Dependence  of  Scattering  Strength 

Scattering  strength  versus  frequency  in  one-third  octave  bands  between  0.8  and  20  kHz  was 
determined  for  each  measurement  sequence  using  equation  (8).  Daytime  scattering  strength 
values  in  the  area  studied  never  varied  by  more  than  4  dB;  the  same  maximum  difference  was 
observed  when  all  the  nighttime  values  were  compared.  Consequently,  the  two  sets  of  repetitive 
data  were  averaged  and  the  respective  daytime  and  nighttime  mean  values  of  scattering  strength 
versus  frequency  were  plotted.  The  similar  results  obtained  from  the  two  daytime  and  nighttime 
measurement  sequences  is  indicative  of  both  experimental  reproducibility  and  the  relatively 
stable  nature  of  the  scattering  layers  during  the  period  this  study  was  conducted.  The  daytime 
results  are  shown  in  Rgure  1 .  A  prominent  peak  in  scattering  strength  is  observed  in  the  frequen¬ 
cy  range  5  to  6.3  kHz,  and  the  values  appear  to  be  increasing  again  at  20  kHz.  The  greatest  varia¬ 
tion  in  scattering  strength  is  found  for  frequencies  between  2  and  5  kHz. 

The  corresponding  results  obtained  under  nighttime  conditions  are  illustrated  in  Figure  2 
The  daytime  characteristics  of  a  peak  at  S  to  6.3  kHz  and  greatest  frequency  dependence  in 
scattering  strength  below  S  kHz  are  evident  in  the  night  data  also.  A  secondary  peak  is  observed 
near  12.S  kHz.  The  nighttime  scattering  strength  values  shown  are  greater  than  the  correspond¬ 
ing  daytime  values  by  about  2  to  16.5  dB. 

Figure  3  snows  the  diurnal  variation  of  scattering  strength  as  a  function  of  frequency  for  the 
area  under  study.  The  data  shown  were  determined  by  subtracting  daytime  scattering  strengths 
from  nighttime  values  and  clearly  indicate  a  nighttime  increase  resulting  from  the  upward 
diurnal  migration  of  the  scattering  layer  during  sunset.  The  smaller  scatterers,  contributing  to 
the  diurnal  variation  at  frequencies  above  5  kHz,  appear  to  undergo  only  “slight”  upward  move¬ 
ment,  as  they  account  for  relative  scattering  increases  of  about  3  dB.  The  majority  of  the  in¬ 
creased  scattering  at  night  is  apparently  a  result  of  those  scatterers  resonant  at  frequencies  below 
5  kHz.  A  pronounced  maximum  increase  in  nighttime  scattering  is  shown  for  the  2 .5 -kHz 
scatterers. 
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Figure  1.  Mean  scattering  strength  versus 
frequency,  day  sequence 


Identification  of  Dominant  Scattering  Layer 

Die  one-third  octave  band  analysis  of  a  shot  from  a  daytime  sequence,  which  can  be  used  to 
determine  the  depth  of  the  bottom  of  the  deepest  layer  insonified,  is  shown  in  Figure  4.  Scat¬ 
tering  from  the  deep  layer  is  first  received  at  approximately  0.7  sec  after  detonation;  thereafter, 
the  reverberation  levels  continue  to  increase,  reselling  a  maximum  at  0.9  sec,  where  penetration 
of  the  layer  bottom  occurs.  Die  reverberation  level  then  decays  at  the  rate  of  "30  log  t.  Die 
maximum  level  was  identifiable  for  all  the  daytime  frequency  bands  investigated,  but  was  most 
marked  in  the  5  and  6.3  kHz  bands.  Die  nighttime  scattering  returns,  when  subjected  to  similar 
one-third  octave  band-pass  analysis,  showed  evidence  of  a  definite  “filling  in”  of  the  low- 
frequency  traces,  because  of  the  upward  migration  of  the  layer.  Die  resultant  effect  is  that  the 
depth  of  the  bottom  of  the  nighttime  scattering  layer  could  not  be  identified  on  the  acoustic 
records. 

Another  daytime  shot  was  processed  using  a  narrow  band  vibralyzer  to  produce  the  three- 
dimensional  plot  shown  in  Bgure  5.  Again  at  approximately  0.7  sec  after  sound  scattered 
from  the  deep  layer  is  discernible.  An  estimate  can  be  made  of  the  depth  to  the  surface  of  the 
layer  from  this  type  of  plot,  but  information  regarding  the  bottom  of  the  layer  is  totally 
obscured. 


uttniR-no*  o*  Rfy-sAvr  v 


■» 


1 - r - r - • - - - r - j- 


1/3  OCTAVE  BAND  CENTER  FREQUENCY  (kHt ) 


Figure  2.  Mean  scattering  strength  versus 
frequency,  night  sequence 


Scattering  strength  spectra  computed  for  selected  times  after  detonation  for  a  day  sequence 
are  presented  in  Figure  6.  The  data  indicate  that  relatively  few  scatterers  are  present  between  the 
surface  and  430-m  depth,  with  most  of  the  scattering  occurring  in  the  depth  interval  from  580  to 
690  m,  followed  by  negligible  contributions  from  scatterers  at  depths  greater  than  764  m.  Addi¬ 
tionally,  the  strongest  scattering  returns  are  produced  by  those  scatterers  resonant  near  6.3  kHz. 
A  similar  plot  for  the  nighttime  results  is  shown  in  Figure  7.  In  general,  the  scattering  at  night 
appears  almost  wholly  confined  to  the  upper  305  m.  The  nighttime  layer  thickness  depicted  is 
almost  three  times  the  thickness  of  the  dominant  daytime  layer  identified.  It  should  perhaps  be 
noted  that  little  significance  is  attached  to  the  trend  of  the  data  obtainable  for  frequencies  be¬ 
low  1 .25  kHz  at  the  shallow  depths  because  of  difficulties  in  data  interpretation  in  this  region. 

The  ship's  1 2 -kHz  echosounder  system  using  a  downward  looking  transducer  with  a  30**  coni¬ 
cal  beamwidth  was  operated  throughout  most  of  the  cruise.  The  fathograms  produced  were  of 
inferior  quality  because  of  equipment  malfunctions,  but  nevertheless  certain  recurrent  patterns 
of  the  12-kHz  scattering  population  were  amply  displayed.  Most  prominent  of  the  daytime  fea¬ 
tures  was  a  concentration  of  scatterers  located  at  a  depth  of  504  m  and  an  apparent  thickness  of 
of  60  m.  On  one  occasion  a  surface  layer  was  noted  after  sunrise  extending  down  to  54  m  while 
on  two  other  days  a  third,  180-m  thick  layer  was  seen  between  1 10  and  290  m. 

During  upward  migration  across  sunset  the  scattering  pattern  seen  on  the  echosounder 
changed  significantly,  and  showed  a  persistent  concentration  of  scatterers  from  the  surface  to  an 
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Figure  3.  Diurnal  variation  of  mean  scattering 
strength  as  a  function  of  frequency 


average  depth  of  340  m.  A  deep  scattering  concentration  was  also  noted  near  580*m  depth  and 
of  67-m  thickness.  An  intermediate  third  layer  was  sometimes  observed  at  night  near  440-m 
depth,  with  a  thickness  of  45  tn. 

The  daytime  and  nighttime  dominant  scatterer  concentrations,  as  determined  from  the  re¬ 
verberation  spectra,  agree  very  well  with  the  1 2-kHz  echosounder  records.  This  is  not  an  unex¬ 
pected  result  for  this  location  as  a  i  2-kHz  peak  is  observed  in  the  scattering  strength  curve  of 
Figure  2.  In  addition,  the  scattering  strength  at  1 2  kHz  is  high  compared  to  the  lower  frequen¬ 
cies.  The  deep  nighttime  scattering  layer  at  580  m,  explicit  in  the  1 2-kHz  echosounder  results 
but  not  implied  by  the  reverberation  spectra  of  Figure  7,  could  easily  be  explained  by  the  hydro¬ 
phone  receiving  sound  scattered  from  the  surface  layer  at  exactly  the  same  time  as  returns  from 
the  deep  layer.  Rirther,  the  location  of  the  daytime  layer  together  with  the  observation  of  little 
diurnal  variation  at  1 2-kHz  indicate  a  nonmigratory  component  that  would  not  be  resolved  by 
the  receiving  system.  However,  it  is  also  apparent  that  such  a  nonmigratory  concentration  of 
small  scatterers  could  be  completely  masked  by  the  strong  nighttime  "surface”  layer.  Admit¬ 
tedly  then,  the  possibility  of  a  depth  ambiguity  does  exist  In  the  nighttime  results  of  Figure  7. 

Size  Distribution  of  Resonant  Scatterers 

It  is  assumed,  at  least  for  this  discussion,  that  ail  the  scatterers  iiwonifted  by  the  explosion 
shock  wave  are  forced  into  damped  oscillation  at  their  respective  resonant  frequencies.  This 


Figure  4.  RepreienUtive  one-third  octave  bandpass  anaiytii  of  a  daytime  measurement 


stipulation  is  needed  to  assure  that  the  intensity  of  backscattered  sound  produced  at  a  specific 
frequency  is  a  function  solely  of  the  number  of  scatterers  of  swimbladder  radius  R  equivalent 
to  that  specific  frequency  of  resonance.  Combining  the  numerical  integration  results  of  equation 
(5)  with  the  calculated  scattering  strength,  resonant  frequency,  and  depth  values  for  the  main 
layer  considered  produces  a  curve  relating  the  number  of  scatterers  per  cubic  meter  (Nt)  of  a 
certain  size  swimbladder  in  the  layer  to  the  radius  R  of  that  swimbladder.  Certain  simplifications 
and  assumptions  have  been  allowed  for  ease  in  computation.  First,  the  Q  was  determined  from 
the  mean  depth  of  the  layer  and  assumed  constant.  Second,  the  shear  modulus  of  fish  tissue  was 
ignored,  and,  third,  the  ratio  of  the  scatterer  resonant  frequency  to  the  individual  one-third  oc¬ 
tave  filter  center  frequency  was  always  unity.  The  latter  two  simplifications  were  not  violated 
for  the  data  presented,  but  the  initial  assumption  of  constant  Q  does  cause  concern  in  the  night¬ 
time  case.  To  clarify,  the  variation  of  Q  as  a  function  of  depth  for  the  uppermost  200  m  of  the 
nighttime  layer  is  significant.  The  nighttime  curve  was  calculated  using  a  mean  value  of  Q  near 


Figure  5.  Typical  narrow  band  spectrum  analysis  of  daytime  measurement 
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Fijur*<  6.  Daytime  scattering  strength  spectra  as  a 
function  of  frequency  for  selected  times  after 
detonation 


10.  The  results  for  the  layer  populations  sre  shown  as  Figures  8  and  9,  with  the  scatterer  den¬ 
sities  presented  as  log  W, . 

No  conclusions  regarding  biological  species  composition  are  possible,  but  the  calculated  con¬ 
centration  shown  does  possess  a  range  of  values  exceeding  several  orders  of  magnitude  while  the 
associated  swimbladder  variation  remains  small.  It  therefore  seems  reasonable  to  assume  that 
most  size  components  of  the  layers  are  repreaented.  Extrapolation  of  these  curves  to  even 
smaller  sizes  would  seem  to  produce  significantly  higher  concentrations  but  the  minimal  values 
shown  for  the  large  radii  would  probably  persist  well  out  into  the  “tail.” 

A  comparison  of  the  log  ^.values  reveals  little  difference  between  the  day  and  night  con¬ 
centrations.  Because  we  are  effectively  looking  at  the  same  scatterers  in  each  case  and  because 
the  relatively  wide  analysis  bandwidth  used  tends  to  obscure  the  frequency  shift  resulting  from 
migration,  this  presents  no  contradiction. 

CONCLUDING  REMARKS 

In  summary,  volume  scattering  measurements  were  made  in  an  area  200  miles  north  of  Oahu. 
Detailed  analytes  of  the  explosive  source  scattering  strength  data  permitted  calculations  to  be 
made  to  determine  the  daytime  and  nighttime  depths  of  the  scattering  layer  and  their  respective 
thicknesses.  By  assuming  resonant  scattering  for  swimbladder  bearing  fishes,  a  method  was 
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Figure  9.  Nighttime  size  distribution  of  resonant  scatterers 


presented  for  determining  the  size  and  concentration  of  those  individuals  comprising  the  scat¬ 
tering  layer. 

The  treatment  presented  here  is  not  intended  to  be  either  complete  or  conclusive.  Certainly, 
more  experimental  validation,  possibly  through  biological  net  hauls  and  directional  acoustic 
measurements,  is  required.  The  significance  of  the  acoustically  derived  scatterer  size  distribution, 
assuming  its  validity,  will  most  probably  become  clearer  as  it  is  further  applied.  For  example,  if 
biological  net  haul  data  are  combined  with  acoustic  results,  it  may  be  possible  to  derive  a  rela¬ 
tionship  of  computed  in  situ  swimbladder  size  versus  fish  length.  Such  a  relationship  would  pro¬ 
vide  validation  for  the  application  of  similar  equations,  derived  from  laboratory  swimbladder 
measurements,  to  in  situ  conditions.  At  present,  the  application  of  these  latter  equations  is  de¬ 
pendent  upon  exact  knowledge  of  the  physiological  characteristics  of  the  swimbladder  bearing 
fish.  In  addition,  a  study  of  the  statistics  of  the  derived  distributions  could  yield  valuable  in¬ 
formation  on  the  coherent  character  of  the  actual  scattering  response. 
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DISCUSSION 

Smith:  Sorry  to  start  off  with  such  a  simple  and  technical  question,  but  what  is  the  origin  of 
your  choice  of  sixty  feet  for  the  source  and  receiver  depth? 

Van  Schuyler:  We  make  use  of  Navy  signal  underwater  sound  (SUS)  signals,  and  they  are  set  to 
pressure  detonate.  Ft  is  detonated  merely  by  means  of  hydrostatic  pressure  on  a  piston  face 
in  the  explosive,  and  it  is  just  set  to  actuate  at  60  ft.  They  come  in  various  detonation  depths, 
and  60  ft,  it  happens  right  now,  is  the  shallowest  we  can  go. 

Winokur:  I  might  add  that  in  the  measurement  of  this  type,  it  is  most  desirable  to  utilize  a  source 
as  close  to  the  surface  as  possible,  and  Dr.  Chapman  uses  explosives  that  detonate  very  near  the 
sea  surface.  By  using  a  shallow  source  it  is  possible  to  reduce  the  effect  of  surface  reverberation 
on  the  volume  scattering  measurement, 

Batzler:  I  wonder  how  close  this  area  is  to  MGS  4  measurements  in  this  general  area. 
Winokur:  It  coincides  with  one  location. 

Batzler:  I  remember  that  their  results  a  little  earlier  in  the  year,  probably  April  or  March,  had 
very  high  integrated  values,  column  strengths.  At  3.5  kHz  I  think  it  was  -38  dB.  They  had  a 
test  later  on,  maybe  September,  where  this  went  down  to  about  -55  dB,  and  I  have  some  single 
frequency  measurements  from  August  which  agree  pretty  well  with  their  September  data,  but  I 
wonder  how  your  values  agree  or  disagree  with  their  very  high  values.  They’re  quite  high 

Van  Schuyler:  I  had  originally  included  for  comparison  the  results  of  the  Alpine  data.  As  I  re¬ 
member,  the  reason  I  didn’t  include  them  was  because  the  data  as  I  had  it  from  them  only  con¬ 
sisted  of  one  or  two,  I  think  three  frequency  points,  and  I  did  not  like  the  idea  of  trying  to  draw 
a  comparison  for  the  three  frequency  points.  But  at  those  frequency  points,  there  seemed  to  be 
fairly  good  agreement  at  the  higher  frequencies;  I  believe  it  was  at  8  and  12  kHz.  I’m  not  sure 
about  those  two  numbers.  But  at  the  low  frequency,  there  is  a  substantial  difference.  It’s  kind 
of  nebulous  to  try  to  talk  about  a  trend  on  three  data  points  for  a  20-kHz  range. 

Batzler:  it  may  point  up  the  fact  that  in  certain  areas,  principally  off  southern  California,  there 
is  a  distinct  difference  with  season.  The  month  of  May  may  be  late  enough  so  that  you  have 
quite  a  difference  between  it  and  their  measurements  in  April,  I  believe. 
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ABSTRACT 

Measurements  of  the  acoustic  scattering  characteristics  of  the  ocean  volume  have  been  made 
in  the  northeast  Pacific  Ocean.  Some  limited  measurements  of  total  scattering  of  the  water 
column  arc  presenter..  A  recently  developed  technique  that  enables  volume  scattering  strength 
to  be  measured  in  situ  as  distinct  from  methods  using  downward-looking,  near-surfacr  equipments 
is  described.  Frequency-  and  depth-dependence  of  scattering  is  shown  for  a  site  off  Point  Reyes 
(San  Francisco).  Data  were  collected  over  a'most  a  full  day,  enabling  diurnal  variations  to  be 
examined. 


INTRODUCTION 

The  scattering  of  acouuic  waves  from  the  oce<tn  volume  has  been  studied  at  the  Defense 
Research  Establishment  Pacific  (D?EP)  since  at  mt  1967.  Most  of  the  measurements  have  been 
made  in  local  waters,  which  means -since  DPEri  is  situated  on  the  southern  tip  of  Vancouver 
Island-the  northeast  Pacific  Ocean.  Our  in.  dal  approach  to  this  problem  was  to  adopt  the 
technique  that  h&d  been  developed  b>  Chapman  (1967)  and  his  coworkers  with  a  view  to  look¬ 
ing  for  diffidences  o:  simi’irities  that  might  exist  in  the  reverberation  characteristics  of  the 
Pacific  anf  .itla  tic  Jceans.  We  were  soon  to  discover  that  the  scattering  phenomenon  was  a 
complex  one  and  *hat  oceanic  comparisons  we»e  not  easily  made,  except  in  terms  of  the  com¬ 
monly  used  parameter-sea  taring  strength  of  the  water  column,  10  log /q31**  My  (z)dz,  where 
Zmax  is  a  depth  above  which  the  majority  of  the  scatterers  reside  and  at  which  depth  the 
integral  attains  a  maximum  value.  Accordingly,  we  developed  a  means  of  obtaining  measure¬ 
ments  of  the  scattering  strength  explicitly,  i.e.,  10  log  Mv  (zj)~ a  function  of  both  depth  z 
and  frequency  /. 

Figure  1  shows  the  locations  that  we  have  examined  in  the  northeast  Pacific  Ocean.  Cruise 
8/69  (Stations  IV  to  Vll)  was  carried  out  to  look  for  Jtanges  in  scattering  characteristics  with 
latitude  without  the  concomitant  seasonal  variation  that  may  be  contained  in  the  data  from 
other  stations.  Analysis  of  data  from  these  areas  is  nearing  completion,  however  only  data  fiom 
two  stations  (Stations  I  and  II)  will  be  presented  in  this  paper.  At  Station  I  we  obtained  data 
yielding  integrated  scattering  strengths  (Scrimger  and  Turner,  1969),  while  at  Station  II  a  time 
series  of  measurements  of  the  value  of  10  log  MJsJ)  was  obtained.  Station  III,  incidentally, 
was  occupied  when  the  technique  of  measuring  scattering  strength  directly  was  first  tried  out 
in  1968,  arid  the  results  of  that  trial  have  been  reported  elsewhere  (Scrimger  and  Turner,  1969b). 
Results  «.  btained  from  Station  VIII  will  also  be  reported  on  separately. 
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Figuie  1.  Site  locations  for  the  measurement  of 
volume  scattering  from  DREP 


INTEGRATED  STRENGTH  MEASUREMENTS 

Integrated  scattering  strength  measurements  are  made  using  explosive  charges,  fired  near  the 
surface,  as  an  acoustic  source  and  a  hydrophone  suspended  close  to  the  firing  point  to  detect 
the  backscattered  returns.  The  latter  are  produced  within  an  expanding  heinisph  deal  shell  cor¬ 
responding  to  the  shock  wave  of  the  explosion.  Observation  of  tha  decaying  intensity  of  the  re¬ 
turned  sound  for  several  seconds  enables  information  on  the  scattering  characteristics  at  almost 
any  desired  depths  to  be  obtained.  It  may  be  shown  that  the  scattering  strength  derived  from  the 
scattered  returns  from  the  hemispherical  shock  wave  is  equivalent  to  that  which  would  be  ob¬ 
tained  by  integrating  along  a  vertical  column  of  unit  cross  section  and  of  the  same  length  as  the 
radius  of  the  shock  wave.  Such  scattering  strength  measurements  are  thus  generally  referred  to 
as  integrated  or  column  strength  values.  I5igt,re  2  -how.  integrated  scattering  strengths,  in  three 
octave  bands  covering  the  frequency  range  1.25  to  10  kHz  obtained  at  Station  I.  These  are 
plotted  as  a  function  of  the  column  length  (i.e.,  depth  z).  The  column  strength  usually  reported 
is  the  maximum  value  of  scattering  stiengtn  that  may  be  read  at  the  bottom  of  these  curves.  Our 
interest  in  plotting  the  integral  in  this  way  (essentidly  as  a  function  ot  the  upper  limit  of  the 
integral)  was  to  look  at  the  distribution  of  scattering  with  depth  in  die  water  column.  Because 
contributions  of  scattered  energy  received  at  a  near-surface  hydrophone  from  the  horizontally 
stratified  scattering  layers  can  only  add  to  the  integral,  it  must  always  be  positive-going  when 
generated  as  a  function  of  depth  and  prominent  “shoulders”  on  this  curve  are  indicative  of  the 
depth  and  strength  of  scattering  layers.  In  fact,  differentiation  of  this  curve  will,  in  principle, 
yield  the  scattering  strength  profile.  Deriving  scattering  strength  profiles  in  this  way,  however, 
proves  unrewarding.  As  can  be  seen  from  Figure  2,  a  considerable  portion  of  the  integrated- 
strength  profile  near  the  surface  is  negative-going  because  of  contamination  from  >urfr  $ 
scattered  energy,  and  the  depth  to  which  this  contamination  is  effective  is  detentuned  by  the 
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Figure  2.  integrated  strength  vs 
depth  in  the  three  octave  bands 
between  1.28  and  10.24  kHz 
taken  near  sunrise  in  October 


hydrophone  depth,  by  the  acoustic  frequency  being  observed  (since  surface  scattering  strength 
is  frequency  dependent),  and  by  the  surface  roughness  or  sea  state.  At  the  bottom  end  of  the 
curves,  the  depth  to  which  the  data  are  valid  depends  on  the  signai-to-noise  ratio  of  the  decaying 
reverberation  signal;  and  in  the  middle  portions  of  the  curve  only  the  strongest  layers  yield 
dopes  in  these  curves  that  can  be  readily  measured. 

IN  SITU  MEASUREMENTS 
Method 

In  1968  efforts  were  concentrated  on  a  technique  that  would  permit  the  measurement  of 
volume  scattering  strength  in  situ  and,  as  mentioned  earlier,  a  description  of  this  technique 
along  with  the  results  from  its  first  use  have  already  been  reported  (Scrimger  and  Turner, 

1969b).  Because  the  method  is  new  and  different  from  that  used  by  other  workers  in  the  field, 
a  brief  description  will  be  given  here.  The  technique  is  to  detonate  a  small  explosive  charge  close 
to  (<10  ft)  a  hydrophone  and  observe  the  broad  band  (at  present  0.2  to  10  kHz)  scattered  re¬ 
turns  for  a  short  time  interval  after  detonation.  In  fact  the  data  samples  used  in  deriving  scatter¬ 
ing  strengths  are  12.S  msec  in  length  and  begin  40  msec  after  detonation.  We  are  therefore 
dealing  with  the  returns  scattered  from  a  spherical  shell  about  200  feet  in  diameter  with  a 
volume  of  about  50  x  10s  yd3.  It  is  thus  possible  to  measure  in  situ  values  of  scattering 
strength  with  a  resolution  of  abou.  200  ft.  This  type  of  experiment  is  shown  in  Figure  3.  The 
inset  to  this  figure  shows  a  pod  of  explosive  charges  and  hydrophone,  which  may  be  lowered 
together  to  various  depths  in  order  to  observe  the  amount  of  scattered  energy  produced  by 
detonating  units  of  the  pod.  In  this  way  it  is  possible  to  obtain  a  profile  of  scattering  strength 
versus  depth,  with  good  depth  resolution,  down  to  the  present  limiting  depth  of  2, 000  ft.  This 
depth  limit  is  currently  imposed  by  the  type  of  charge  that  will  not  fire  reliably  below  2000  ft 
and  also  by  an  arbitrary  choice  of  cable  length. 

The  expression  that  relates  volume  scattering  strength  to  the  observed  pressure  for  this  type 
of  experiment  is 

20  log  p  ■  10  log  My  +  10  log  iT100  *  20  log  t  +  73.7 
where  p  is  the  pressure,  Mv  is  the  volume  scattering  strength,  2T100  is  the  energy  flux  at  100 
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Figure  3.  i-uckscattered  energy  (arrows) 
from  the  expanding  spherical  shock 
wave  geing  received  by  the  hydrophone 
a  few  milliseconds  after  charge  detona¬ 
tion.  The  picture  is  not  to  scale  and  the 
scattering  shell  would  generally  be 
small  compared  with  the  layer  thick¬ 
nesses.  The  inset  shows  the  arrange¬ 
ment  of  the  hydrophone  and  charge 
pod. 


yards,  and  t  is  the  time  after  detonation,  all  in  cgs  units.  The  derivation  of  this  expression  as¬ 
sumes  that  the  measurement  takes  place  in  a  region  of  uniform  scattering  and  a  decay  of  20 
log  t  is  predicted,  which  differs  from  the  more  familiar  30  log  t  decay  observed  in  the  widely 
used,  surface-fired  charge  technique.  If  the  region  does  not  possess  uniform  scattering  charac¬ 
teristics,  a  20  log  t  decay  will  not  be  observed  but  the  method  will  still  yield  an  average  value 
of  the  scattering  strength  for  that  small  volume  of  the  ocean  from  which  the  acoustic  returns 
originate.  The  above  expression  may  be  obtained  by  making  the  proper  substitutions  in  the 
general  equation  given  by  Urick  (1962).  If  was  deemed  necessary  to  consider  the  effect  of 
pulse  length,  since  our  scattering  observations  are  made  close  in  to  the  charge-hydrophone  pair. 
We  have  therefore  made  a  separate  derivation  (Scrimger  and  Turner,  1969b)  of  the  above 
scattering  equation,  which  allows  limits  to  be  placed  on  the  magnitude  of  errors  to  be  expected 
when  pulse  length  effects  are  ignored  in  our  type  of  experiment.  If  the  acoustic  pulse  length  is 
assumed  to  be  represented  by  one  bubble  pulse  interval,  which  for  our  charges  varies  from  5 
msec  at  200  feet  to  1  msec  at  2000  ft,  then  Figure  4  depicts  the  magnitude  of  the  pulse  length 
errors  that  might  be  encountered  for  various  times  of  observation. 

Because  this  method  of  measuring  scattering  strength  involves  the  firing  of  our  explosive 
charge  sources  (C.I.L.  Seismocaps,  T.N.T.  equivalent-0.00146  lb)  over  a  range  of  depths  from 
200  to  2000  ft  and  because  the  energy  spectrum  level  of  an  explosive  charge  is  known  to  vary 
with  depth  (Christian,  1967),  it  has  been  necessary  to  make  energy-spectrum  measurements  for 
these  particular  charges.  A  description  of  the  method  and  the  results  of  these  measurements  has 
been  reported  on  separately  (Turner  and  Scrimger,  accepted  for  publication),  but  a  series  of 
energy  spectra  for  groups  of  charges  fired  at  five  different  depths  and  monitored  by  a  hydro¬ 
phone  spaced  at  a  range  of  about  100  yards  for  the  shallowest  group  and  about  300  yards  for 
the  others  is  shown  here  in  Figure  5,  all  scaled  to  a  distance  of  100  yards.  This  series  of  curves 
dramatically  illustrates  the  shift  of  the  peak  of  the  energy  spectrum  toward  higher  frequencies 
as  the  increasing  depth  shortens  the  bubble-pulse  interval.  In  addition,  it  will  be  seen  that  the 
high-frequency  end  of  the  spectrum  has  about  a  minus  3-dB-per-octave  slope,  which  decreases 
with  increasing  depth  rather  than  the  familiar  minus  6-dB-per-octave  falloff  such  as  is  found  in 
the  energy  spectra  of  1-lb  charges.  This  depth  variability  of  the  source  characteristics  has  been 
included  in  arriving  at  our  volume  scattering  strength  spectra. 


depth  of  detonation 
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Results 

In  December  1968,  we  had  occasion  to  carry  out  deep-anchoring  trials  off  San  Francisco  and 
at  that  time  were  able  to  obtain  measurements  over  almost  a  full  day  at  Station  II  where  the 
rater  depth  was  1,930  fm.  These  measurements,  which  have  recently  been  reported  (Scrimger 
and  Turner,  submitted  for  publication),  permitted  some  insight  into  the  mechanism  of  the 
diurnal  variation  of  volume  scattering.  The  hydrophone-pod  combination  was  lowered  a  total 
of  eight  times  between  0600  ho>  n  P.S.T.  (about !  .5  hours  before  dawn)  and  2000  hours  P.S.T. 
(about  2  hours  after  sunset).  Bc^... ,  ig  it  a  depth  of  200  ft,  10  shots  spaced  at  200-ft  intervals 
were  fired  in  each  lowering,  which  took  about  30  min.  The  analysis  techniques  used,  although 
similar  to  those  mentioned  in  our  earlier  paper  (Scrimger  and  Turner,  1969b)  have  undergone 
slight  changes  that  now  allow  our  complete  data  analysis  to  be  carried  out  digitally  with  relative 
ease  and  speed.  These  changes  have  been  stimulated  by  the  acquisition  of  a  third-generation 
computer  with  which  the  Fast  Fourier  Transform  technique  of  power-spectrum  analysis  could 
be  implemented  at  our  laboratory,  i  he  broadband,  magnetic-tape  recordings  of  the  back- 
scattered  sounds  from  each  charge  firing  are  first  digitized  and  then  scattering-strength  spectra 
having  a  resolution  of  400  Hz  are  generated  from  short  (12,5  msec)  samples  of  the  scattered 
signals  beginning  at  40  msec  after  detonation.  This  procedure  resulted  in  the  production  of  80 
spectra.  Because  scattering  characteristics  can  be  expected  to  show  a  depth  dependence,  these 
spectra  were  grouped  according  to  the  10  depths  at  which  firings  were  made  and  these  groupings 
are  shown  in  the  next  10  figures-Figures  6  through  15.  Because  of  a  malfunction  in  the  calibra¬ 
tion  system  during  the  time  we  were  gathering  data  for  profile  5,  only  seven  out  of  a  total  of 
eight  spectra  were  plotted  in  each  group.  Profile  5  was  also  omitted  from  Figure  1 8  for  the  same 
reason. 

In  Figure  6,  spectra  obtained  at  the  200-ft  level  are  presented.  He  re  we  note  that  the  only 
difference  between  all  spectra  observed  over  the  diurnal  period  is  the  level  shift  that  occurs 
between  spectra.  Characteristics  that  are  common  to  all  the  spectra  are  the  minimum  at  2.5 
kHz,  the  sharp  low-frequency  rise  in  level  and  the  linear  increase  of  level  with  frequency  of 
about  5  dB/kHz  on  the  high  frequency  side  of  the  minimum.  At  the  400-ft  level  (Figure  7),  the 
overall  shift  among  the  spectra  is  notably  smaller  than  that  at  200  ft;  the  minimum  has  virtually 
disappeared  and  the  slope  has  decreased  slightly.  At  the  600-  and  800-ft  levels  (Figures  8  and  9) 
the  spectral  characteristics  fall  into  two  frequency  regimes-one  above  5  kHz  and  one  below.  In 
the  higher  frequency  regime  the  spectra  are  tightly  grouped  and  have  a  common  slope,  the  slope 
of  the  800-ft  data  being  less  than  that  of  the  600  ft.  Below  5  kHz  the  large  (25  to  35  dB)  spread 
among  the  spectral  levels  obtained  at  different  times  of  the  day  is  again  apparent.  Figure  10 
shows  the  spectra  obtained  at  1000  ft.  At  this  depth  the  spectra  of  scattered  returns  are  virtually 
flat  between  2  and  10  kHz  and  show  a  marked  fall  in  level  below  this  frequency.  The  spread  in 
average  values  remains  high.  Spectra  associated  with  the  1200-  and  1 400-ft  levels  (Figures  1 1 
and  1 2)  show  only  a  small  change  from  the  1000-ft  spectra,  but  the  trend  to  decreasing  slope 
with  increasing  depth  continues  so  that  now  slopes  above  3  kHz  have  become  negative.  At 
1600  ft,  the  levels  of  all  but  one  spectrum  have  decreased  and  a  well-defined  line  component 
appears  in  the  spectra  (Figure  13)  at  9.6  kHz.  This  component  persists  in  the  spectra  observed 
at  the  1 800-  and  2000-ft  levels  (Figures  14  and  1 5)  at  which  depths  three  additional  spectra! 
Lies  become  apparent  at  frequencies  of  1.2, 3.2,  and  4.8  kHz.  To  be  sure  of  the  origin  of  such 
line  components,  we  recorded  a  small  sample  of  noise  immediately  before  firing  each  shot  and 
subsequently  subjected  each  noise  sample  to  the  same  analytical  procedure  undergone  by  the 
signal.  Plotting  families  of  the  noise  spectra  at  each  of  the  above  depths  enabled  spurious 
single-frequency  noise  components  to  be  identified.  This  technique  shows  the  lines  at  1 .2  and 
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Figure  14.  Scattering  strength  Figure  15.  Scattering  strength 

spectra  obtained  at  1,800  ft.  spectra  obtained  at  2,000  ft. 

4.8  kHz,  which  are  marked  N  in  Figures  14  and  IS,  to  be  a  result  of  noise,  whereas  noise  spectra 
in  the  vicinity  of  the  other  lines  at  3.2  and  9.6  kHz  were  flat.  Close  examination  of  some  of  the 
shallow  spectra  also  reveals  traces  of  these  noise  components. 

Integration  under  any  of  these  scattering  strength  versus  frequency  curves  between  any 
arbitrarily  chosen  pair  of  frequencies  gives  the  scattering  strength  in  any  desired  frequency  band. 
Thus  scattering  strength  versus  depth  profiles  may  be  derived,  and  we  have  chosen  to  do  so  for 
the  four  octave  bands  between  0.625  and  10  kHz  shown  in  the  next  four  figures  (U.,  Figures 
16  through  19).  In  Figure  16,  profiles  in  the  5-  to  10-kHz  band  are  plotted,  the  reference  ordi¬ 
nates  for  these  profiles  being  spaced  horizontally  in  proportion  to  their  temporal  spacing  during 
the  day.  Because  the  profiles  take  about  30  min  to  complete,  the  reference  ordinate  was  taken 
at  the  mean  lime  of  the  lowering.  The  scattering-strength  values  are  absolute  and  are  given  by 
their  horizontal  displacement  from  the  reference  ordinate,  in  terms  of  the  decibel  scale  factor 
shown  in  the  figure.  The  upward  migration  of  scatterers  is  readily  seen  and  produces,  at  least  at 
this  position,  an  increase  of  scattering  strength  in  the  upper  200  ft  of  the  water  of  as  much  as 
20  dB.  Othei  notable  features  in  these  profiles  are  (1)  the  near-linear  increase  in  scattering 
strength  as  the  surface  is  approached  from  depths  as  great  as  1 200  to  1600  A  at  night,  as  dis¬ 
tinct  from  the  vertical  character  of  the  profiles  during  daytime;  (2)  the  relatively  small  variation 
in  level  in  the  600-  to  1500-fi  depth  range  that  was  seen  in  the  spectral  curves  discussed  above; 
and  (3)  layers  evident  near  the  surface,  at  600  and  1400  ft.  Comparison  of  these  profiles  with 
the  echogram  taken  with  a  12-kHz  echoao under  gives  fair  correlation  for  layer  position  and 
movement.  Lack  of  correlation  is  likely  to  be  because  the  echosounder  frequency  lies  outside 
the  bend  used  for  these  profiles,  hollies  in  the  2.5  to  5  kHz  band  (Figure  1 7)  show  little  re¬ 
semblance  to  those  in  the  higher  octave  tend  of  Figure  16  and  show  the  netr-surface  increase 
in  strength  only  during  the  postxunset  period.  A  well-defined  layer  centered  at  1400  A  persists 
throughout  moat  of  this  record,  but  it  is  certainly  not  symmetrical  about  the  daylight  hours. 

The  layer  is  weak  in  the  pre-dawn  period,  becomes  stronger  and  wider  in  the  course  of  the  day 
and  by  sunset  extends  over  almost  1000  A  in  depth  between  600  and  1600  A.  The  scattering 
picture  that  appears  as  we  pest  to  the  next  lower  octave  tend  (U.,  the  1.25-  to  2.5-kHz  tend. 
Figure  18.)  is  again  different  from  those  seen  in  the  higher  octave  tends.  Here  we  find  variations 
in  profile  structure  occurring  from  profile  to  profile  -especially  in  the  first  five  observed.  Gen¬ 
erally  a  minimum  in  scattering  strength  is  found  in  the  400-  to  500-ft  depth  interval,  except  in 
profile  3  where  a  Urge  increase  in  scattering  strength  occurs  at  this  level.  It  is  tempting  to  at- 
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tribute  such  large  and  sudden  changes  to  fish  shoals.  No  signatures  that  might  be  associated  with 
shallow-swimming  fish  appear  in  the  spectra,  however.  One  feature  of  this  series  of  profiles  that 
can  be  seen  at  once  in  the  spectral  presentation  is  the  gross  increase  in  level  that  occurs  in  all 
profiles  after  the  first  three.  This  average  low  level  of  scattering  for  the  first  three  profiles  of  the 
day  is  again  evident  in  the  0.625-  to  1.25-kHz  b...  d  (Figure  1 9).  It  will  be  seen  in  Figure  19  that 
the  reference  ordinate  drawn  for  these  profiles  is  10  dB  lower  than  that  used  elsewhere.  A 
near-surface  layer  may  be  seen  in  profiles  4, 6,  and  7,  the  scattering  strength  of  which  increases 
by  some  8  dB  in  profile  8.  This  layer  is  missing  in  the  pre-dawn  and  early-morning  profiles 
(evidently  we  should  have  taken  a  few  more  measurements  during  the  night  m  order  to  see 
when  the  near-surface  layer  dispersed).  In  this  frequency  band,  the  deeper  layers  are  present 
at  about  1000  and  1400  ft.  By  1000  hours  (profile  4),  these  layers  have  coalesced  into  one 
thick  layer  extending  from  100  to  1 500  ft.  Between  1 500  and  2000  hours  (profiles  6,  7,  and 
8)  a  thin  layer  appears  to  sink  from  1000  to  1400  ft. 

CONCLUSION 

We  see  then  that  the  phenomenon  of  scattering  of  acoustic  waves  from  the  volume  of  the 
''cean  most  certainly  cannot  be  represented  by  a  picture  of  a  medium  consisting  of  stable 
scattering  layers.  The  statistics  available  in  the  data  obtained  over  the  diurnal  period  that  we 
have  discussed  above  are  insufficient  to  reveal  cyclic  components  in  the  variability  other  than 
the  post-sunset  increase  in  the  scattering  near  the  surface  caused  by  the  upward  migration  of 
biological  species.  Hopefully,  with  the  acquisition  of  more  data,  we  will  be  able  to  identify  fish 
sizes  and  size  distributions  (if  not  species)  in  terms  of  the  broadband  spectra.  For  example,  the 
line  components  in  the  spectra  obtained  at  the  1600-  and  1800-ft  levels  can  be  presumed  (as¬ 
suming  the  relationship  between  bubble  resonant  frequency,  depth  and  radius  given  by  Minnaert 
(1933))  to  be  a  result  of  resonant  scattering  from  swimbladders  or  gas  bubbles  of  0.74-  and 
0.25-cm  radius  for  3.2  and  9.6  kHz,  respectively,  and  it  may  be  possible  to  interpret  the  uni¬ 
formity  of  the  spectral  slopes  over  various  frequency  ranges  at  moat  of  the  depths  examined  in 
terms  of  fish  bladders  and  their  spacing  in  an  array  or  shoal  as  discussed  by  Weston  (1967). 
Further  study  will  doubtless  produce  a  clearer  picture. 
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DISCUSSION 

Wednesday  evening,  1  April  1970 

Winokur:  I  have  asked  a  few  people  to  make  some  comments  and  to  present  additional  data 
this  evening  related  to  the  papers  that  we  heard  eari.v.  before  we  get  into  any  critical  cfscussion 
or  comment  about  what  we  have  heard  so  far  in  this  session.  In  order  to  start  off  this  evening’s 
session  then,  I  have  asked  Mr.  Richard  Love  of  the  U.  S.  Navai  Oceanographic  Office  to  take  a 
few  minutes  to  present  the  results  of  some  of  the  dorsal  aspect  work  that  he  has  done  because 
it  is  very  closely  related  to  what  Brian  McCartney  reported  on  earlier. 

Love:  Today’s  papers  have  concerned  the  resonant  scattering  from  air-bladder  fish.  However, 
the  range  of  resonance  is  not  usually  the  range  of  interest  where  discrete  fish  echoes  are  received 
by  a  sonar.  In  this  range  the  target  strength  of  fish  can  vary  widely  with  small  changes  in  fish 
length  or  acoustic  frequency,  and  fish  of  the  same  sue  and  species  may  have  target  strengths 
varying  by  as  much  as  10  dB. 

To  approximate  the  target  strength  of  an  individual  fish,  I  have  conducted  experiments  on  a 
number  of  live  fish  of  12  different  species,  ranging  from  2  to  9  inches  in  length.  The  incident 
acoustic  frequency  ranged  from  12  to  200  kHz. 

I  have  combined  the  results  of  these  experiments  with  all  other  available  data  into  non- 
dimensional  regression  lines,  which  can  be  used  to  determine  the  maximum  side-aspect  ar.d  dorsal- 
aspect  target  strengths  of  an  individual  fish.  Figure  l  shows  these  regression  lines.  The  side  as¬ 
pect  data  were  published  in  the  September  1 969  issue  of  the  Journal  of  the  Acoustical  Society 
of  America,  and  the  dorsal  aspect  data  is  new.  Here,  o  is  th»  acoustic  cross  section,  L  is  the  fish 
length,  and  X  is  the  acoustic  wavelength. 
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For  the  dorsal  aspect  the  regression  line  is 


in  the  ?,/X  range  of  0.7  to  90,  and  for  the  maximum  side  aspect  it  is 


in  the  L/X  range  of  i  tc  I/O.  This  equation  for  the  maximum  side  aspect  is  a  slightly  modified 
version  of  one  tlwt  appeared  in  JASA,  the  modification  being  a  result  of  the  addition  of  recent 
data. 

The  target  •  trengih  of  an  individual  fish  can  be  calculated  from  the  regression  lines  by  using 
the  relation 

T~  10  log 

where  T  is  measured  at  one  yard  and  <r  is  in  square  yards. 

For  the  maximum  side  aspect 

T  =  22.8  log  L  -2.8  log  X-  32.4 

and  for  the  dorsal  aspect 

r=  19.1  log  I  +0.9  log  X-  34.2 

Over  the  cr  unon  L/X  range  of  1  to  90,  the  side  aspect  target  strength  increases  from  1 .8  dB 
greater  than  the  dorsal  aspect  at  L/X  -  1,  to  9.0  dB  greater  at  L/X  =  90. 

Comparing  Dr.  McCartney’s  equation  presented  this  morning  to  my  dorsal  aspect  equation 
ov  -  their  common  L/X  range  of  0  8  to  20,  Dr.  McCartney's  is  2.2  dB  lower  than  mine  at  L/X  = 

Ox  and  is  5.3  dB  higher  than  mine  at  L/X  =  20. 

Figures  2  and  3  show  the  relation  of  the  regression  lines  to  resonant  scattering. 

The  resonance  peak  shown  is  calculated  from  Andreeva  and  Chindonova’s  equations  for  a 
fish  at  a  depth  of  20  feet,  with  a  Q  -  5  and  with  an  equivalent  spherical  swimb  ladder  radius 
equal  to  1/20  cf  the  fish  length.  The  portion:  of  the  curve  off  resonance  are  approximated  by  a 
spherical  bubble  equal  in  volume  to  the  fish’s  swimbladder. 

It  can  be  seen  in  Figure  2  that  at  any  specific  frequency,  a  large  non-resonant  fish  can  have 
a  greater  acoustic  cross-;  ectic..  than  a  small  resonant  fish.  However,  as  is  shown  in  Figure  3, 
where  the  ordinate  has  been  changed  from  <r/X*  to  cr/L*.  the  acoustic  cross-section  of  a  fish  of 
specific  size  is  probably  greater  at  the  resonant  frequency  than  at  any  other  frequency  for  which 
L/X  <  100. 
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Johnson: 

Some  Mid-Ocean  Acoustic  Scatterers 

An  acoustic  system  has  been  developed  at  the  Marine  Physical  Laboratory  that  can  provide  data 
on  sound  scattering  in  the  ocean  (1,2).  Uniform  depth  resolution  is  achieved  through  the  use  of  an 
electronic  package  equipped  with  sources  and  receivers  which  is  lowered  into  the  ocean.  Recent 
work  at  a  location  in  the  San  Dicjo  Trough  has  provided  some  estimates  of  target  strength, 
swimming  speed  and  population  density  for  individual  scatterers  to  depths  of  1600  meters.  In 
data  collection,  a  single  frequency  ping  is  generated;  then  samples  are  taken  corresponding  to 
returns  from  sections  of  spherical  shells  around  the  underwater  package  limited  vertically  by  the 
40°  beam  width  of  the  horizontally  omnidirectional  transducers.  All  of  the  data  were  obtained 
using  a  2-msec  pulse  length  with  instantaneous  envelope  samples  spaced  1-msec  apart. 

The  displays  presented  here  are  organized  around  four  frequency  pairs:  4.5  and  6.3  kHz,  8.9  and 
1 0.5  kHz,  1 5  and  1 6.7  kHz,  24  and  27  kHz  (Figures  1  -3).  Data  returns  at  the  top  of  each  band  come 
from  30  meters  range  and  those  at  the  bottom  from  80  meters.  The  median  ot  the  returns  from 
each  ping  is  encoded  in  the  stripe  above  each  frequency  band.  The  computer  compares  each  sample 
to  the  median,  and  assigns  the  seven  available  grey  shades  to  samples  from  one  to  seven  dB  above 
the  median.  Samples  at  or  below  the  median  are  written  as  white,  while  anything  more  than  seven 
dB  above  the  median  is  written  with  the  darkest  shade  of  grey.  Steady  darkening  with  increasing 
range  is  the  effect  of  the  range  corrections  on  ambient  noise  in  the  absence  of  scatterers. 

Because  of  the  experiment’s  geometry,  identifying  a  single  return  with  an  individual  scatterer 
would  be  unjustified.  But  by  observing  a  small  volume  for  several  minutes,  we  can  track 
scatterers  and,  hopefully,  average  out  interfering  effects. 

All  the  numbers  should  be  treated  with  some  skepticism.  The  movement  rates  arc  not  abso¬ 
lute,  since  we  have  no  measurements  of  current  speed.  Target  strengths  are  subject  to  off-axis 
distortion  and  represent  averages  of  strong  scatterers  to  the  nearest  5  dB.  Population  densities 
are  low  estimates  for  these  same  strong  scatterers,  but  they  should  be  within  a  factor  of  two. 
Finally,  the  observations  at  each  depth  lasted  only  20  minutes  and  may  not  represent  the  ocean 
or  even  the  San  Diego  Trough  in  general. 

Of  the  animals  observed,  only  those  at  1600  m  seem  to  be  clearly  affected  by  the  presence  of 
the  acoustic  package.  At  that  depth  they  are  typically  attracted  rather  than  repelled. 


Summary  of  Results 


Target  Strength 
dB 

Population 
per  10^m^ 

Movement 

m/sec 

1000  m 

IS  A  16.7  kHz 

-55 

2 

0-0.1 

24  A  27  kHz 

-40 

3 

1300  m 

4.SA6.3  kHz 

-35 

2 

0.1 -0.2 

8.9  A  10.S  kHz 

-35 

12 

0-0.1 

IS  A  16.7  kHz 

-40 

12 

24  A  27  kHz 

-35 

8 

0-0.1 

1600  m 

ASA 6.3  kHz 

-35 

4 

0.1 -0.2 

8.9  A  10.S  kHz 

-40 

5 

0.1 -0.3 

IS  A  16.7  kHz 

-45 

7 

0.1  -0.3 

24  A  27  kHz 

-40 

5 

0.1 -0.3 

4l«UMt 
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McCartney: 

CHANGES  IN  SCATTERING  LAYER  STRENGTH  DURING  DEPTH  MIGRATION 

Useful  information  on  the  sizes  of  sound  scattering  organisms  has  been  obtained  by  measure¬ 
ment  of  acoustic  back  scattering  strength,  particularly  the  use  of  resonant  peaks  and  the  changes 
thereof  during  the  diurnal  migration  periods.  There  is  considerable  interest  in  the  migration 
behaviour  and  whether  constant  mass,  constant  volume  or  other  constraints  apply.  To  resolve 
this,  good  accuracy  in  depth  and  resonant  frequency  are  required  simultaneously.  Generally, 
wide-band  explosive  sound  sources  have  been  used,  enabling  resonant  peaks  to  be  observed  up 
to  20  kHz,  but  owing  to  the  lack  of  directionality  in  the  source,  the  depth  resolution  is  relatively 
poor.  Fixed  frequency  echo-sounders  can  give  better  depth  resolution,  but  there  is  no  guarantee 
that  the  scattering  observed  is  resonant,  unless  a  battery  of  echo-sounders  are  used  simultane¬ 
ously  to  cover  the  spectrum.  The  purpose  of  this  contribution  is  to  suggest  that  the  depth 
variation  of  scattering  strength  at  the  centre  of  a  layer  may  provide  useful  clues  when  only  a 
single  sounder  is  available. 

The  acoustic  scattering  section  a  of  a  gaseous  sphere  of  radius  R  (swimbladder  approxima¬ 
tion)  is  well  known  to  be 


a  =  4jtR*  ^1 

and  the  resonant  frequency  to  be 

fo 

where  Q  is  the  quality  factor  at  resonance  and  D  is  the  depth  (including  correction  for  at¬ 
mospheric  pressure). 

For  a  constant  volume  migrator,  R  is  Independent  of  D  and  the  scatterer  will  pass  its 
resonant  depth  DQ  when  the  sounder  frequency  f  ■  fQ.  Then  approximately  we  can  write:- 


(A)  Constant  volume  case, 

occJDT'  , 

f<fo. 

0>A>  , 

M<x  -20  k>gio  D. 

o<x&ir*  , 

fmfo  . 

D-D0, 

o  «  const, 

/>/o, 

D<D0 , 

M  const 

-i 


<x  />*/a  /f-i 
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For  a  constant  mass  migrator  R  so  that  /Q  a/)5^6  and  we  obtain 


(B)  Constant  mass  case 

occ/T4, 

/</o, 

D>D0, 

M  ®  -40  logtD  D. 

oaj23ZT4, 

/=/o, 

D  =  D0 

ocs/r2/3, 

/>/o, 

D<D0, 

M  *  -6.7  log  io  D. 

For  these  ideal  cases,  A  and  B,  a  plot  of  the  volume  scattering  strength  M  *  10  log  (no/4ir) 
versus  log1Q  D  at  the  centre  of  a  layer  containing  n  similar  scattercrs  per  unit  volume  would 
be  expected  to  have  slopes  of  -20  and  0  dB  per  decade  or  -40  and  -6,7  dB  per  decade  either 
side  of  a  resonant  peak.  The  values  of  Q  will  probably  depend  upon  depth. 

Figure  1  contains  two  contoured  plots  of  scattering  coefficient  ( m  =  no)  at  !0  kHz  during 
the  sunrise  and  sunset  migrations  one  day  during  the  DISCOVERY  SOWD  cruise  in  1%5.  The 
analogue  scattering  level  for  four  successive  pulse  transmissions  was  obtained  on  an  ultra-violet 
paper  recorder  every  five  minutes.  The  traces  were  read  and  averaged  over  the  four  pulses  and 
over  each  20-m  depth  interval  between  0  and  700  m;  scattering  coefficient  was  computed  and 
plotted,  and  subsequently  contoured. 


DiPTX  IN 
MfTHS 


ovniOA'vo 

DAM 

VCHUMf 
SCAT  If  IINO 
COtMICIfNT 

Sir* 

Manas" 


Of  ATX  IN 

AWT  MS 


IATMTN  kOMOU'W  Otfl  CHt-M 


Figure  1 


The  plots  of  scatterini  strength  versus  depth  in  Figure  2  were  obtained  from  the  more  obvious 
layers  of  Figure  1.  Open  and  solid  symbols  refer  to  auuiee  (downward)  and  sunset  (upward) 
migration!  respectively,  while  the  same  symbols  have  been  given  to  layers  which  have  the  same 
mid  day  depth,  as  observed  on  the  original  echo-eounder  intensity  record.  Slopes  vary  from 
0  dB  per  decade  to  -60  dB  per  decade  of  depth,' and  separate  peaks  are  observed  at  250  m 
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(twice)  and  360  m  depth,  corresponding  possibly  to  resonant  radii  of  1.7  nun,  and  2.0  mm. 

None  of  the  examples  show  identical  sunset  and  sunrise  patterns,  though  there  is  a  tendency  for 
the  end  points  of  corresponding 'layers  to  be  at  the  same  values,  which  is  expected  if  there  is 
little  depth  migration  outside  these  periods. 

Variations  from  the  above  theoretical  strength/depth  rates  would  be  expected  if  the  layers 
contain  a  fish  population  mixed  in  size  or  behaviour,  but  migrating  together,  if  there  is  a  change 
in  thickness  of  the  layer  u  it  migrates,  if  layers  merge,  or  if  there  is  an  appreciable  non- 
migratory  component  of  scattering.  The  results  drown  are  not  a  very  conclusive  demonstration 
of  whether  this  method  of  examining  scattering  layers  has  merit.  A  wider  dynamic  range  in 
recording  ana  better  resolution  in  time  and  depth  are  required.  The  first  two  are  possible  but  a 
compromise  on  depth  resolution  has  to  be  achieved.  At  large  depths  resolution  msy  be  affected 
more  by  the  difference  in  depth  between  the  axis  and  the  edges  of  the  beam  than  the  pulse 
length,  but  reducing  the  be  am  width  can  make  the  pulsed  sampling  volume  too  small  at  the 
shallower  depths.  Perseverance  with  the  measurement  of  scattering  strength  at  a  fixed  frequency 
during  migration  periods  is  perhaps  worthwhile  because  most  research  ships  have  echo-sounders; 
few  are  able  to  uae  the  wideband  explosive  techniques,  especially  during  biological  sampling 
entires. 

Htney: 

I  am  afraid  that  I  have  rather  serious  worries  about  the  fundamentals  of  an  analysis  of  this 
type.  For  example,  ask  yourselves  how  many  times  you  have  stopped  your  ship  and  allowed  it 
to  drift  while  continuing  to  record  the  scattering  layer.  U  realty  when  aomeooe  stops  the  A*p, 
the  reason  is  that  the  hydrographer  is  going  to  take  a  station  and  you  are  aired  to  turn  things 
off  and  get  out  of  the  way  to  far  as  the  scattering  layer  observations  are  concerned.  But  if  you 
keep  the  records  running,  many  times  instead  of  seeing  the  familiar  salt  and  pepper  aspect  of 
the  deep  scattering  layer,  you  have  learned  that  it  changes  hi  character  altogether.  What  you 
are  seeing  are  correlatable  echo  trains  that  come  from  individuals  either  randomly  ecsttered  or 
grouped  in  depth.  Since  you  can  discern  them  quite  far  array,  I  don't  know  just  what  analysis 
you  are  advocating  regarding  there  interlacing  echoes  lire  the  very  pretty  pictures  that  we  were 
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just  shown  a  few  moments  ago.  Obviously  it  is  worth  making  some  kind  of  a  measurement  like 
your  contours.  I  have  done  the  same  thing.  It  is  very  rewarding  as  long  as  you  are  sure  what  it 
is  you  are  measuring.  I  want  to  remind  you  again  that  very  often  that  which  looks  like  diffuse 
scattering  on  a  record  made  from  a  ship  underway  has  that  appearance  only  because  you  are 
passing  very  rapidly  over  the  scattering.  If  you  slowed  down,  the  appearance  of  diffuse  scatter¬ 
ing  disappears  altogether  and  only  single  patches  of  scatterers  are  to  be  seen.  Just  to  make  things 
more  confusing,  of  course,  that  picture  is  not  universally  true.  In  some  places  when  you  slow 
down  and  you  simply  drift,  the  salt  and  pepper  pattern  continues  and  individuals  are  not  re¬ 
solved,  so  I  think  it  is  necessary  to  think  ahead  to  these  several  possibilities  and  work  out  the 
fundamentals  of  the  measurements  so  you  can  deal  with  either  kind. 
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ABSTRACT 

In  August  1967  collections  were  m&de  of  midwater  organisms  at  four  stations  in  the  Nor¬ 
wegian  Sea.  A  6  foot  Isaacs- Kidd  Midwater  Trawl  was  towed  open  at  three  of  the  stations 
and  a  closing  device  was  used  at  the  cod  end  at  the  first  station. 

The  collections  contained  few  species  but  large  numbers  of  organisms,  consistent  with  the 
high  productivity  reported  for  this  region.  The  only  fish  caught  in  abundance  were  specimens 
of  the  lanternflsh  Benthoxma  glaciate,  which  increased  in  numbers  as  well  as  in  depth  of 
occurrence  from  northwest  to  southeast.  The  invertebrates  also  seemed  to  occur  in  greater 
abundance  at  shallower  depths  at  the  western  stations  than  at  the  eastern  stations. 

Depth  recorder  records  showed  two  kinds  of  scattering:  (1)  a  diffuse  scattering  layer 
most  pronounced  at  the  easternmost  stations,  and  (2)  discrete  echoes,  generally  at  Riallower 
depths,  tending  to  coalesce  into  a  layer  at  the  westernmost  stations.  The  discrete  echoes 
may  result  from  individuals  or  schools  of  larger  fishes,  such  as  herring  or  the  cod  Micro- 
meastiut  pouttx *w,  which,  far  the  most  part,  could  successfully  avoid  the  net.  Investigation 
of  the  largely  fat-invested  wirr: bladders  of  specimens  of  Benthomma  revealed  varying  de¬ 
grees  of  occlusion  of  the  lumen.  Investigation  of  the  otoliths  snd  the  length-frequency  dis¬ 
tribution  of  the  spedmeni  of  Benthotema  indicated  the  presence  of  year  daises  1  through 
Ill  and  possibly  IV. 


INTRODUCTION 

In  the  course  of  investigating  acoustic  scattering  layer  phenomena,  the  U.S.  Naval  Ocean¬ 
ographic  Office  collected  biological  and  oceanographic  data  in  the  Norwegian  Sea  in  August  1967 
aboard  the  USNS  Gilliss.  The  Norwegian  Sea  was  chosen  for  Investigation  as  a  boreal  region  of 
reportedly  high  productivity.  Because  boreal  regions  tend  to  have  fewer  species  than  tropical  or 
temperate  regions,  an  investigation  of  such  a  region  held  promise  of  providing  inright  into  some 
of  the  biological  problems  associated  with  sound  scattering  in  the  ocean. 

The  locations  investigated  in  the  Norwegian  Sea  were  selected  to  sample  the  transition  from 
the  cold  water  of  Arctic  origin  to  the  warmer  and  more  saline  water  of  North  Atlantic  origin. 
Station  2  (Fig.  1)  is  located  at  the  western  edge  of  the  Icelandic  Basin  and  wcQ  within  the  limits 
of  colder  water.  Station  2A  is  located  at  the  eastern  edge  of  the  Icelandic  Basin,  just  over  the 
western  rim  of  the  riO  separating  the  Icebndk  and  Norwegian  Bums,  in  an  area  of  some  mixing 
of  colder  and  wanner  waters.  Station  3  is  located  in  the  western  part  of  the  Norwegian  Basin 
and  Station  4  is  located  in  the  eastern  part  of  the  Norwegian  Basis  in  typical  North  Atlantic 
Water. 
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At  all  four  stations  biological  tows  and  hydrograph!:  casts  were  made.  This  paper  reports  the 
biological  data  taken,  principally  the  data  on  fishes.  The  hydrographic  data  will  be  reported 
separately. 

In  studies  involving  midwater  fishes  as  possible  sound  scatterers,  the  presence  or  absence  of  a 
gas-filled  swimbiadder  and  the  size  of  the  swimbladder  are  important  because  of  acoustical 
theory  that  relates  volume  reverberation  to  gas  bubbles  hi  the  water  column.  The  entire  swim- 
bladder  is  not  necessarily  filled  with  gas  but  may  become  occluded,  especially  as  the  fishes  age. 
Marshall  (1960)  showed  that  in  many  species  the  swimbladder  becomes  Invested  with  fat.  Capen 
(1967)  reported  that  in  several  lantemflshes  from  off  the  southern  California  coast,  the  swim- 
bladders  in  large  specimens  become  filled  or  partly  filled  with  a  “cottony  tissue”  outgrowth 
from  the  gas  gland 

To  understand  the  situation  in  the  common  Norwegian  Sea  lanternflsh,  Benthosema  glaciate , 
the  swimbiadders  of  a  number  of  preserved  specimens  caught  in  the  Norwegian  Sea  were  ex¬ 
amined.  Because  the  swimbladder  size  Is  related  to  the  size  and  age  of  the  fish,  the  ages  and 
peaks  of  abundance  for  B.  glaciate  were  determined. 

Appendix  I  is  a  list  of  fishes  collected. 

METHODS 

All  biological  collections  were  made  with  a  standard  6-foot  Isaacs- Kidd  Midwater  Trawl 
(TKMT),  fully  lined  with  1 /4-inch  (bar)  knotted  nylon  netting.  The  cod  end  was  a  half-meter  net 
of  knotless  nylon  with  about  1 /8-inch  openings.  At  Station  2,  a  four -chambered  General  Motors 
Mark  II  Discrete  Depth  Plankton  Sampler  (DDPS)  (Aron  et  al.,  1964)  was  attached  to  the  IKMT. 
At  all  other  stations,  the  open  IKMT  was  used  with  the  cod  end  tied  off. 

Depths  of  collection  were  estimated  by  triangulation  from  length  of  wire  and  wire  angle  by 
use  of  a  hand-held  inclinometer.  All  organisms  were  preserved  in  10%  formalin  and  returned  to 
the  laboratory  for  sorting,  identification,  rod  analysis.  All  fishes  were  identified  by  the  authors 
The  invertebrates  have  not  been  identified  as  to  species  st  this  time,  but  they  were  sorted  St  the 
Smithsonian  Oceanographic  Sorting  Center  into  six  major  groups:  chsetognaths,  pteropoda, 
cope  pods,  amphipodt,  euphsusikis,  and  carideaiu. 

A  Gtfft  Depth  Recorder  was  operated  continuously,  providing  a  record  of  the  acoustic  re¬ 
turns  st  1 2  kHz.  Standard  hydrographic  casts  were  taken  at  each  station,  providing  measure¬ 
ments  of  temperature,  salinity,  dissolved  oxygen,  and  selected  nutrients  in  the  water. 

The  specimens  of  Benthoxma  glacial*  examined  tot  swimbladder  morphology  ranged  in  size 
from  19.5  mm  standard  length  (SL)  to  64  mm  SL.  They  were  dissected  under  a  binocular  micro¬ 
scope,  and  measurements  were  made  of  the  major  and  minor  axes  of  the  swimbladder.  The 
swimbiadders  were  then  removed  and  opened  to  determine  the  geagiand  development  and 
amount  of  fat. 

RESULTS 

In  general,  two  characteristics  of  the  Norwegian  Sea  biological  coUectkius  were  evident.  First, 
the  number  of  species  was  very  snail,  whereas  the  number  of  individual*  was  great;  second, 
among  the  fishes,  relatively  few  Individuals  were  captured. 

Fite* 

Almost  all  the  fishes  taken  were  specimens  of  the  myctophid  Bent hoeeme  glacial*.  In  addi¬ 
tion  to  a  few  unidentified  lame,  ingle  ^edroens  were  taken  of  another  myctophid,  fiierop* 
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arctica,  at  Station  3;  a  gonostomatid,  Maurolicus  mulleri,  at  Station  4;  and  a  cod , Micromesistim 
poutassou,  at  Station  2 A. 

Benthosema  glaciate  was  most  numerous  in  the  collections  at  Station  4,  the  easternmost  sta¬ 
tion.  Fewer  specimens  were  taken  at  Station  3,  very  few  at  Station  2A,  and  none  at  Station  2, 
the  westernmost  station.  The  results  of  these  collections  will  be  examined  and  discussed,  con¬ 
sidering  the  easternmost  station  first. 

At  Station  4, 401  fishes  were  taken  in  nine  tows,  which  sampled  from  the  surface  to  depths 
of  about  85  to  940  m  (Fig.  2).  Of  this  total,  390,  or  about  97%,  were  B.glaciale. 

Three  tows  (T4,  T6,  and  T7)  accounted  for  351  of  the  fishes  or  87.5%  of  the  total  catch. 

Tows  T4  and  T7  were  nighttime  tows,  whereas  tow  T6  was  a  daytime  tow.  Tow  T4,  collected 
down  to  a  depth  of  about  300  m,  and  caught  73  B.  glaciate  and  9  unidentified  larvae,  giving  a 
concentration  of  2  fishes/1000  m3.  Tow  T7,  which  coDected  down  to  a  depth  of  about  185  m, 
caught  1 10  B.  glaciale,  giving  also  a  concentration  of  2  fishes/1000  m3. 

There  were  three  other  tows  made  during  the  night  (T3,  T8,  and  T9).  All  had  much  lower 
full  concentrations,  with  the  two  deeper  tows  having  somewhat  heavier  concentrations  than  the 
single  shallower  tow.  These  results  indicate  that  the  depth  of  maximum  concentration  of  B. 
s'u*ciule  at  night  is  between  185  and  300  m.  However,  whether  all  individuals  of  B. glaciate  take 
port  in  the  upward  migration  is  questionable.  Tow  T8  which  sampled  down  to  about  470  m, 
caught  24  B.glaciale  giving  a  concentration  of  OS  fishes/ 1000  m  ,  which  is  intermediate  between 
the  three  tows  with  heavy  concentrations  and  the  other  tows.  There  are  two  possible  explana¬ 
tions  why  so  many  fishes  were  found  in  this  collection  after  B.  glaciale  had  migrated  up  to  the 
nighttime  level.  The  distribution  of  B.  glaciale  could  be  very  patchy  and,  by  chance,  dense 
patches  were  sampled  as  the  open-net  haul  went  through  the  depth  of  maximum  concentration 
on  setting  and  retrieving  the  net.  Alternatively,  only  a  portion  of  the  fishes  may  have  migrated 
upward,  leaving  some  at  the  daytime  depths. 

There  were  four  tows  taken  during  the  day  (Tl ,  T2,  T5,  ami  T6).  During  tow  T6,  which 
collected  down  to  a  depth  of  about  500  m,  159  B.  glaciale  were  taken,  giving  a  concentration  of 
3  fishes/ 1000  m3  Two  of  the  other  daytime  tows  sampled  shallower  than  tow  T6,  and  the  third 
tow  sampled  deeper.  They  all  had  much  lower  fish  concentrations,  but,  again,  the  deeper  haul 
had  more  fishes  than  either  of  the  shallower  hauls.  The  indication  is  that  B.  glaciale  seems  to  be 
concentrated  at  a  depth  of  approximately  500  m  during  the  day. 

At  Station  3 ,  there  were  only  1 1 3  fishes  taken  in  a  total  of  1 2  tows,  sampling  from  the  sur¬ 
face  to  depths  of  about  25  to  1 350  m  (Fig.  3).  This  is  only  about  28%  of  the  fishes  taken  at 
Station  4  in  30%  mote  towing  time.  Of  the  1 1 3  fishes,  1 1 1  or  more  than  98%  were  B.  glaciale, 
one  was  another  myctophid  Hierops  arctica  and  one  was  an  unidentified  larval  fish.  The  situa¬ 
tion  for  B.  glaciale  at  Station  3  was  similar  to  that  found  at  Station  4  in  that  103  of  the  1 1  i 
fishes  (about  93%)  were  taken  in  only  three  tows  (Tl ,  T7 ,  and  T9).  Tows  Tl  and  T?  were  day¬ 
time  tows,  while  T9  w as  a  nighttime  tow.  Tow  T9,  collected  from  0140  to  0405  hours  down  to 
a  depth  of  about  275  m  and  caught  25  B.  glaciale  and  one  unidentified  larval  fish,  giving  a  con¬ 
centration  of  0.6  fishes/ 1000  m  .  There  were  three  other  tows  (T3,  T4,  and  T8)  taken  during 
the  night;  one  shallower,  one  at  comparable  depth,  and  one  deeper  than  T9.  Ail  three  bad  much 
lowe*  concentrations  of  fishes  than  T9,  with  the  deepest  tow  (T8)  having  the  highest  concentra¬ 
tion.  Tow  Tl  collected  down  to  a  depth  of  about  500  m  ami  caught  23  B.  glaciale  and  one 
Hierops  arctica,  giving  a  concentration  of  OS  fishes/ 1000  m3.  Tow  17  collected  down  to  a 
depth  of  about  500  m  from  1 5 1 5  to  1 900  hours  and  caught  53  B.  glaciale.  giving  a  concentration 
of  0.8  fishes/1000  m3.  There  were  four  other  daytime  tows  taken,  one  shallower  usd  the  other 
three  deeper  than  T7.  AH  tour  had  much  lower  concentrations  than  the  two  tows  of  500  m. 


i  hwb  at  Station  4  showing  sum  be*  of  fishes  is  each  haul  and  calculated  concentration  of  fishes 
per  1000  m3  of  water  sampled 


itatsoc  of  net  h  tiu  at  Station  3  showing  number  of  fishes  in  each  haul  <*nd  calculated  concentration  of  fishes 
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These  collections  indicate  that  the  maximum  concentration  of  B.  glaciate  at  Station  3  is  at  a 
depth  of  about  275  m  at  night  and  500  m  during  the  day,  which  fits  the  pattern  seen  at 
Station  4. 

At  Station  2 A,  in  1 1  tows  which  sampled  from  the  surface  down  to  depths  of  from  15  to 
1 1 60  m  (Fig.  4),  only  6  fishes  were  taken,  5  of  which  were  B.  glaciate.  The  only  other  fish 
caught  was  a  cod ,Micromesistius  poutassou.  It  was  taken  in  tow  T1 ,  which  sampled  from  the 
surface  to  about  25  m,  and  was  the  only  fish  caught  during  the  night.  There  were  four  night¬ 
time  tows  (T1 ,  T6,  T7,  and  T8),  with  the  deepest  going  to  a  depth  of  only  40  m. 

While  there  were  five  daytime  tows  (T3,  T4,  T9,  T10,  and  T1 1),  only  two  caught  any  fishes. 
Tow  TIO  sampled  from  the  surface  to  a  depth  of  about  387  m  and  caught  4  B.  glaciale,  giving 
a  concentration  of  0.1  fishes/ 1000  m3.  This  was  much  shallower  than  the  depth  at  which  B. 
glaciale  was  found  during  the  day  at  Stations  3  and  4.  The  only  other  fish  caught  in  daytime  was 
a  single  specimen  of  B. glaciale  taken  during  Til. 

There  were  seven  tows  made  at  Station  2,  two  at  night  and  the  other  five  during  the  day 
(Fig.  5).  Even  though  the  water  column  was  sampled  down  to  a  depth  of  about  500  m,  no 
fishes  were  taken  during  the  day  or  night. 

Zooplankton 

Euphausiids-- Because  of  their  abundance  and  ubiquitous  occurrence  the  distribution  of  the 
euphausiids  can  be  examined  in  some  detail. 

Two  of  the  daytime  hauls  at  Station  4  (Fig.  2)  had  notably  heavier  concentrations  of  eupha¬ 
usiids.  Tow  4-T2  with  a  concentration  of  100/1000  m3and  tow  4-T6  with  a  concentration  of 
50/1000  m3  indicate  a  possible  daytime  depth  of  occurrence  between  380  m  and  500  m. 

Two  of  the  daytime  hauls  at  Station  3  (Fig.  3)  also  had  somewhat  heavier  concentrations  of 
euphausiids:  3-T1  and  3-T7  with  50  and  40/1000  m3,  respectively,  indicate  a  daytime  depth  of 
occurrence  at  about  500  m  and  agree  with  the  situation  at  Station  4.  All  the  other  daytime  tows 
made  at  Stations  3  and  4  sampled  much  lower  concentrations  of  euphausiids,  ranging  from  none 
to  20/1000  m3. 

All  daytime  tows  at  Station  2A  showed  concentrations  ranging  from  none  to  10/1000  m3  ex¬ 
cept  tow  T10  (Fig.  4),  which  had  a  somewhat  heavier  concentration:  30/1000  m3.  This  samp¬ 
ling  depth  of  390  m  agiees  with  the  depth  of  maximum  concentration  seen  at  Stations  3  and  4. 

At  Station  2,  two  chambers  from  tow  T4  showed  euphausiid  concentrations  of  60  and  100/ 
1000  m3,  and  sampled  between  400  m  and  550  m.  These  depths  agree  with  those  of  maximum 
daytime  concentrations  at  the  other  stations.  However,  chamber  A  from  tow  T3,  sampling  at 
around  100  m,  had  a  concentration  of  50/1000  m3,  suggesting  a  possibly  shallower  daytime 
depth  of  occurrence  at  this  station.  The  oblique  hauls  to  the  surface  showed  concentrations 
ranging  from  6  to  1200/1000  m3,  suggesting  patchiness  in  the  near  surface  waters. 

Nighttime  hauls  were  made  at  Stations  2A,  3,  and  4.  Virtually  all  hauls  had  moderate  con¬ 
centrations  of  euphausiids  ranging  from  5  to  20/1000  m3.  Only  tow  T3  at  Station  3  had  a 
slightly  greater  concentration:  30/1000  m3.  Thus,  our  collections  give  little  indication  of  night¬ 
time  depth  of  concentration  for  euphausiids. 

Chaetognaths-Thcte  were  the  most  abundant  invertebrates  represented  in  our  collections. 
However,  large  numbers  were  caught  in  the  mesh  near  the  cod  end  of  the  net.  Thus,  the  data 
from  the  closing  net  samples  at  Station  2  were  not  reliable  and  had  to  be  treated  as  open-net 
hauls  with  the  data  from  the  different  subsamples  of  each  haul  lumped  together. 
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Chaetognaths  were  particularly  abundant  in  the  deeper  hauls  at  '1  stations.  At  Station  4 
(Fig.  2)  hauls  deeper  than  350  m  contained  concentrations  of  100  ..c  200/1000  m3.  At  Station 
3  (Fig.  3),  hauls  deeper  than  about  250  m  contained  concentrate  .s  of  90  to  200/1000  m3.  At 
both  stations,  the  shallower  hauls  showed  concentrations  ranging  from  5  to  60/1000  m3.  At 
Station  2A  (Fig.  4)  all  hauls  contained  concentrations  of  at  least  80/1000  m3  while  the  two 
hauls  deeper  than  400  m  contained  concentrations  of  300  and  *00/1000  m3.  At  Station  2 
(Fig,  5),  the  two  deep  hauls  contained  concentrations  that  ra.1  ged  from  60  to  300/1000  m3. 

These  collections  indicate  that  chaetognaths  are  more  abundant  at  the  westernmost  stations 
and  in  the  deeper  hauls.  They  also  suggest  that  the  distribu:  ion  of  chaetognaths  may  be  patchy, 
especially  at  shallower  depths. 

Pteropods- The  only  large  concentrations  of  pteropods  encountered  were  in  some  of  the 
oblique  tows  to  the  surface  at  Station  2  (Fig.  5)  where  the  concentrations  ranged  from  6  to  300/ 
1000  m3.  At  Station  2A  (Fig.  4),  those  tows  sampling  from  the  surface  down  to  about  50  m 
contained  concentrations  ranging  from  1  to  20/1000  m3  All  other  tows  at  Stations  2  and  2  A 
as  well  as  all  tows  at  Stations  3  and  4  had  lower  concentrations,  ranging  from  none  to  10/1000 
rn3. 

The  numbers  of  pteropods  in  the  collections  from  Stations  3  and  4  are  too  sparse  to  indicate 
anything  definite  about  their  distribution  at  those  stations.  However,  from  the  collections  made 
at  Stations  2  and  2A  it  appears  that  the  pteropods  there  may  be  distributed  in  dense  patches 
very  near  the  surface. 

Copepods-ln  general,  at  all  four  stations  tbe  copepods  showed  some  heavy  concentrations 
in  two  layers,  one  from  the  surface  to  200  m  and  one  between  700  and  1300  m.  In  between 
these  depths,  only  small  or  intermediate  concentrations  were  encountered.  The  collections  in 
the  shallow  layer,  above  200  m,  had  concentrations  ranging  from  none  to  400/1000  m3,  where¬ 
as  those  in  the  deeper  layer  showed  concentration*  ranging  from  1  to  20/1000  m3,  with  two 
exceptions  at  Station  2  that  collected  oetween  350  and  550  m.  There,  chamber  B  in  tow  T4 
and  chamber  B  in  tow  T5  contained  the  somewhat  greater  concentrations  of  30  and  50/1000 
m3,  respectively. 

The  pattern  from  our  collections  suggests  that  the  copepods  may  be  concentrated  in  patches 
at  shallow  depths  (less  than  200  m)  and  at  deeper  depths  (perhaps  700  m  to  1 300  m). 

Amphipods- Amphinods  were  aenerally  found  tn  moderate  abundance  in  those  tows  that 
reached  around  400  m  or  deeper  jt  all  four  stations,  their  concentrations  ranging  from  3  to 
20/1000  m3.  At  Stations  2A,  3  and  4  the  tow*  shallower  than  400  m  contained  very  few 
amphipods  except  one  nighttime  haul  at  Station  3,  T9,  which  contained  20/1000  m3 ,  suggesting 
a  possible  shallower  nighttime  ccncentation. 

At  Station  2,  the  oblique  hauls  near  the  surface  contained  concentrations  ranging  from  6  to 
100/1000  m3,  suggesting  that  amphipods  may  occur  in  rather  dense  patches  near  the  surface  at 
Station  2. 

Carideans -Lvgcr  concentrations  of  caridean  shrimps  occurred  only  in  those  collections  that 
sampled  below  600  m.  At  Stations  2A,  3  and  4  the  concentrations  of  carideans  in  the  hauls  that 
reached  600  m  or  deeper  ranged  from  2  to  10/1000  m3.  Concentration*  in  the  shallower  hauls 
ranged  from  none  to  1/1000  m3.  No  carideans  were  caught  at  Station  2  where  the  deepest  haul 
reached  550  m. 

Scattering  Layers 

Echo-sounder  data  obtained  using  the  GifTt  Depth  Recorder  were  examined  in  detail.  The 
records  from  Stations  4  and  3  show  two  layers  (Figs.  6  and  7):  a  deep  diffuse  layer  centered  at 
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around  225  m  during  the  day  and  near  the  surface  at  night,  and  shallower  discrete  echoes  that 
tended  to  coalesce  into  a  solid  layer  at  about  200  m  during  the  day  and  25  to  50  m  at  night. 

Both  layers  migrated  over  the  sunrise  and  sunset  periods.  The  layers  at  the  two  stations  differ  in 
that  the  shallow  layer  is  somewhat  less  continuous  at  Station  3.  The  scattering  layer  records 
from  Stations  2  and  2A  show  few  similarities  to  those  from  the  other  two  stations.  There  is  no 
deeper  diffuse  layer  at  either  Station  2  or  2A.  The  discrete  echoes  that  do  occur  at  Station  2 A 
(Fig.  8)  are  sparser  and  have  less  tendency  to  form  a  solid  layer.  They  are  recorded  as  a  50-m 
wide  band  centered  at  a  depth  of  about  100  m  and  show  no  sign  of  any  migrating  activity.  The 
discrete  echo  pattern  at  Station  2  is  similar,  but  the  echoes  are  even  sparser  than  those  at  Station 
2A  and  are  shallower,  being  centered  at  30  to  40  m  depth. 

Chemistry 

Oxygen  and  nutrients  were  in  plentiful  supply  throughout  the  water  column  at  each  station. 
No  correlation  was  seen  between  the  vertical  distribution  of  organisms  taken  in  our  hauls  and  the 
oxygen  and  nutrient  concentrations. 

Swim  Madder  Morphology  of  Benthos** m  giaciaU 

Examination  of  the  swimbladder  of  Benthosema  glaciale  showed  that  at  about  20  mm  SL 
(Fig.  9 A)  the  swimbladder  measures  about  2.5  X  0.75  mm,  and  no  fatty  tissue  can  be  seen  as¬ 
sociated  with  it.  At  this  size,  the  gas  gland  is  a  thin  layer  that  covers  almost  the  entire  inner  sur¬ 
face  of  the  swimbladder.  By  the  time  B.  glaciale  has  attained  a  length  of  30  mm  (Fig.  9B),  the 
swimbladder  has  increased  in  size  to  about  4X1.5  mm.  The  interim.  -'art  of  the  swimbladder 
containing  the  three  retia  mirabilia  has  become  completely  invested  with  fatty  tissue  and  some 
patches  can  be  seen  extending  posteriorly  along  the  ventral  surface  of  the  organ.  The  gas  gland 
has  increased  in  volume,  forming  a  thicker  layer  over  the  inner  swimbladder  wall.  At  about  40 
mm  SL  (Fig.  9C)  the  swimbladder  size  is  about  the  same,  but  the  fatty  tissue  and  gas  gland  have 
continued  to  increase  in  volume.  Adipose  tissue  completely  surrounds  the  swimbladder  and  ex¬ 
tends  ventrally  in  two  large  lobes  that  run  the  entire  length  of  the  swimbladder.  The  gas  gland 
has  also  increased  in  volume  and  occupies  all  but  a  small  lumen  at  the  posterior  end  of  the  organ. 
At  this  stage,  adipose  tissue  development  associated  with  the  organ  seems  to  stop  and  the  gas 
gland  volume  increase  levels  off  until  B.  glaciale  has  grown  in  size  to  over  SO  mm  SL.  Then,  the 
swimbladder  increases  slowly  in  length  while  the  gas  gland  starts  to  regress  with  a  net  effect  of 
an  increase  in  the  size  of  the  lumen.  When  B.  glaciale  has  attained  a  size  of  about  55  mm  SL 
(Fig.  9D),  there  is  a  small  lumen  that  extends  throughout  the  posterior  two-thirds  of  the  organ. 
This  is  formed  by  a  combination  of  an  increase  in  the  swimbladder  rite  to  about  5  X  1.5  mm 
and  some  decrease  in  the  volume  of  the  gas  gland.  By  60  mm  SL  (Fig.  9B)  the  gas  gland  appears 
only  as  a  thickened  layer  investing  the  inner  wails  of  the  organ  leaving  a  lumen  the  entire  length 
of  the  swimbladder.  At  64  nun  SL  which  is  the  maximum  size  fc *  A  glaciale  taken  during  our 
net  hauls  in  the  Norwegian  Sea,  the  swimbladder  size  has  increased  to  5  5  X  1.5  mm,  but  no  dif¬ 
ference  can  be  seen  in  the  lumen  dze  as  compared  with  that  at  60  mm  SL 


An  investigation  of  our  material  concerning  the  dza  distribution  of  B.  glaciate  Indicates  peaks 
of  abundance  for  specimens  of  approximately  30, 40, 50,  and  perhaps  60  mm  SL  (Fig.  10). 
Johnson  (1945,  p.  5 1)  had  limited  material  collected  fit  the  summer  from  the  Norwegian  Sea  and 
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adjacent  waters  showing  peaks  of  abundance  at  approximately  25, 50,  and  70  mm,  which  he  re¬ 
garded  as  age  groups  I,  II,  and  III.  HaJliday  (1970)  divided  extensive  material  from  the  north¬ 
western  Atlantic  into  year  classes  based  on  the  number  of  transparent  rings  in  the  otoliths.  For 
material  collected  in  July  1968,  he  found  the  mean  lengths  of  the  first,  second,  and  third-year 
classes  to  be  33.5, 44.3,  and  48.9  mm,  respectively.  Otoliths  from  our  material  in  the  Norwe¬ 
gian  Sea  were  found  to  be  in  good  condition.  Those  specimens  examined  that  were  around 
30  mm  SL  belonged  to  age  group  I,  those  around  40  mm  belonged  to  age  group  II,  and  those 
around  50  mm  belonged  to  age  group  III.  However,  the  largest  specimens  examined,  around  60 
to  64  mm,  could  not  be  placed  in  age  group  IV  with  certainty.  Nevertheless,  our  peaks  of  abun¬ 
dance  more  '-losely  resemble  those  of  Halliday  than  of  Johnsen, 

In  the  Norwegian  Sea,  Johnsen  (1945)  considered  a  few  individuals  in  his  age  group  II  (peak 
at  around  52  mm)  and  probably  all  in  his  age  group  III  (65  -75  mm)  to  represent  mature  adults. 
In  the  Atlantic  he  considered  his  age  group  il  (peak  at  arouud  52  mm)  to  represent  mature 
adults.  Halliday  reported  that  some  females  spawn  at  two  years  while  all  spawn  at  three  years 
and  older  (greater  than  around  38  mm).  None  of  our  examined  specimens  show  well-developed 
gonads,  nor  could  they  be  expected  to  if  they  spawn  in  the  spring,  as  Halliday  found  in  the 
northwest  Atlantic.  Johnsen  reported  that  breeding  occurs  in  the  fjords  along  the  coast  of  Nor¬ 
way  and  widely  in  the  North  Atlantic,  perhaps  including  the  Faeroe  Channel.  It  is  not  known 
whether  the  population  in  the  open  Norwegian  Sea  is  a  breeding  population  oi  expatriates  main¬ 
tained  by  the  influx  cf  individuals  from  the  fjord;  and  Faeroe  Channel. 


DISCUSSION 


Oceanography 

The  oceanography  of  the  Norwegian  Sea  is  complex  (.Alekseev  and  Istoshin,  1959;  Metcalf, 
1960;  and  Stefansson,  1962).  The  Norwegian  Sea  south  of  Jan  Mayen  Island  is  divided  by  the 
Iceland-Jan  Mayen  Ridge  into  the  Icelandic  Basin  in  the  west  and  Norwegian  Basin  in  the  east. 
Although  the  two  basins  are  connected  across  a  ueep  sill,  they  are  very  different  oceanographi¬ 
cally  in  the  upper  layers.  The  Norwegian  Basin  is  dominated  by  a  large  cyclonic  eddy  made  up 
of  North  Atlantic  Water  that  flows  over  the  Wyville  Thompson  Ridge  between  the  Faeroe  and 
Shetland  Islands.  The  Icelandic  Basin  on  the  other  hand,  is  dominated  by  Arctic  Intermediate 
Water  that  flows  from  the  north  (Hunger,  unpublished  data). 

Fishes 

Many  investigators,  including  Murray  (1886),  have  pointed  out  the  depauperate  nature  of  the 
Norwegian  Sea  deep-sea  fauna  compared  with  that  of  the  adjacent  North  Atlantic.  The  Wyville 
Thompson  Ridge  with  a  sill  depth  of  only  about  500  m,  acts  as  a  barrier  to  ihe  movement  of 
Atlantic  (hep-tea  organises  tn.o  the  Norwegian  Sea.  The  “Michael  Sam"  North  Atlantic  Deep 
Sea  Expeditkrr  of  1910  collected  biological  material  at  one  station  south  of  the  ridge  (Station 
101)  and  one  station  just  north  of  the  ridge  (Station  102).  At  all  depths,  the  coilections  made 
at  Station  101  closely  resembled  those  made  farther  south  and  west  in  the  Atlantic.  However, 
at  Station  102  just  to  tire  north  of  the  ridge,  tows  were  made  at  SO,  100,  ISO,  200. 300, 500, 
700,  and  750  m  and  no  speomim  of  deep-living  Atlantic  organisms  were  taken.  Comparing  the 
faunas  at  these  two  stations,  Murray  and  Hjort  (1912,  p.  126)  found  that  only  48  species  out  of 
a  total  of  433,  or  about  1 1%,  were  common  to  both  sides.  Amor>*  the  fishes,  about  13%  of  the 
species  were  common  to  both  sides.  An  examination  of  the  various  published  “Michael  Sars“ 
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Expedition  reports  dealing  with  midwater  fishes  reveals  that  only  one  1 1-mm  specimen  of 
Maurolicus  mulleri  and  eight  specimens  of  Benthosema  glaciate  were  taken  at  Station  102,  How¬ 
ever,  a  few  other  Atlantic  midwater  fish  have  been  recorded  along  the  Norwegian  coast. 

Murray  and  Fjort  (1912,  p.  643)  give  a  list  of  Atlantic  forms  found  in  Norwegian  waters, 
along  with  their  relative  frequency  of  occurrence  and  point  out  that  most  are  rare  visitors  seldom 
found  in  great  numbers.  Among  the  midwater  ishes  mentioned  are  Myctophum  glaciate 
(=  Benthosema  glaciate),  Myctophum  ehngatum  [- Noioscopelus  kroyeri  (see  Bolin,  1959, 
p.  40)] ,  Argyropelecus  olfersi,A.  aculeatus,  A.  hemigymnus,  and  Nerophis  aequoreus.  They  also 
state  that  “only  Myctophum  glaciate  and  Nerophis  were  observed”  in  tire  large  amount  of  work 
done  by  the  “Michael  Sars”  in  the  Norwegian  Sea  prior  to  the  1910  expedition.  Johnsen  (1923, 
1945)  reported  on  numerous  specimens  of  B.  glaciate  from  the  Norwegian  Sea,  and  Becker 
(1967)  discussed  the  results  of  one  station  made  by  the  Peter  Lebedev  at  68°30'  N,  6°  W  which 
was  near  our  Station  2A.  He  reported  that  58  specimens  of  B.  glaciate  and  one  Lampanyctus 
macdonaldi  were  taken  in  five  hauls.  In  light  of  these  previous  findings  it  is  not  surprising  that 
our  collections  from  the  Norwegian  Sea  contained  so  few  of  the  Atlantic  midwater  fishes,  but  it 
is  somewhat  surprising  that  they  contained  such  large  numbers  of  B.  glaciate. 

B.  glaciate  in  the  Norwegian  Sea  appears  to  be  confined  to  the  upper  layers  comprised  of  a 
mixture  of  two  water  masses,  Arctic  Intermediate  Water  and  varying  amounts  of  North  Atlantic 
Water.  Our  collections  indicate  that  B.  glaciate  may  not  occur  in  the  colder  and  less  saline  Arctic 
Bottom  Water.  At  Station  2A,  the  Arctic  Bottom  Water  was  found  at  a  depth  of  about  400  m 
(Hunger,  unpublished  data)  whereas  the  maximum  daytime  collection  of  B.  glaciate  was  taken  in 
a  tow  from  the  surface  to  a  depth  of  387  m.  At  Station  3,  the  Arctic  Bottom  Water  was  deeper, 
occurring  at  about  750  m,  while  at  Station  4  it  was  found  at  about  650  m.  At  both  Stations  3 
and  4,  B,  glaciate  was  found  concentrated  at  around  a  500-m  depth  during  the  day  and  at  185  to 
300  m  at  night,  well  within  the  mixed  North  Atlantic  and  Arctic  Intermediate  Waters.  This 
agrees  well  with  Johnsen  ( 1923,  p.  14),  who  regarded  the  depth  of  occurrence  of  B.  glaciate  in 
the  open  Atlantic  to  be  from  the  surface  in  the  daytime  to  about  500  m.  Johnsen  also  noted 
(ibid.,  p.  18)  the  correlation  of  frequent  catches  of  this  species  with  the  presence  cf  water  of  At¬ 
lantic  origin. 

Zooplankton 

In  actual  numbers  of  individuals,  most  of  the  invertebrates  tended  to  he  more  abundant  at 
the  shallower  tows  of  the  westernmost  stations  than  at  any  of  the  tows  of  the  easternmost 
stations. 

There  is  m  indication  that  some  of  the  invertebrates  are  also  limited  to  the  same  water  masses 
as  B en  those. nt  In  particular,  the  euphausiids  fit  this  pattern,  with  abundances  at  depths  of 
590  m  or  less  at  Stations  3  and  4  and  less  than  400  m  at  Station  2A.  On  the  other  hand,  the 
distribution  of  the  ca  rid  cans  indicates  that  they  may  be  excluded  from  these  water  masses  and 
confined  to  the  Arctic  Bottom  Water. 

The  distribution  patterns  of  the  other  invertebrates  that  were  studied  are  more  complex.  All 
suggest  that  patchiness  may  he  a  factor,  especially  dense  patches  near  the  surface  for  the  chae- 
tognaths,  pteropods,  and  amphipods.  Furthermore,  it  is  likely  that  several  species  are  to  be 
found  in  each  cf  the  m^or  groups  of  invertebrates  studied.  Differing  ecological  requirements 
reflected  by  various  distribution  patterns  within  a  single  group  could  easily  account  for  some  of 
the  complexities  observed.  This  is  particularly  prominent  in  the  distribution  pattern  shown  by 
the  copepodi  higher  abundancet  in  those  tows  that  sampled  the  Arctic  Bottom  Water  as  wen 
as  in  some  of  the  shallow,  near-surface  tows. 
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Scattering  Layers 

The  depths  of  the  12-kHz  scattering  layers  seen  on  the  echo  sounder  did  not  correlate  with 
the  depths  of  maximum  concentration  for  Benthosema  nor  with  the  distribution  patterns  found 
in  those  invertebrates  examined.  The  diffuse  echo  returns  prominent  at  Stations  3  and  4  may 
have  been  caused  by  small  organisms,  but  the  patterns  of  discrete  echo  returns  probably  repre¬ 
sent  sound  scatterers  of  a  much  larger  size  than  Benthosema  or  the  invertebrates  studied.  There 
are  several  possible  sound  scatterers  that  occur  in  sufficient  numbers  in  the  Norwegian  Sea  to  ac¬ 
count  for  this  pattern.  The  single  specimen  of  the  gadid  fish  Micromesistius  poutassou  that  was 
caught  at  Station  2A  confirms  their  presence  in  the  area,  suggesting  that  this  species  may  account 
for  at  least  some  of  these  discrete  echoes.  Micromesistius  is  abundant  enough  in  the  Norwegian 
Sea  that  a  commercial  fishery  has  developed  for  them  (Zilanov  and  Salnikova,  1967).  Perhaps 
of  equal  or  greater  importance  are  the  schools  of  herring  that  are  found  in  the  Norwegian  Sea  in 
the  summer  (Marty,  1956).  The  herring  schools  concentrate  to  feed  in  this  region  and  consist  of 
fairly  large  fishes  from  23  to  35  cm  in  length  (Marty,  1958).  That  the  herring  schools  gather  near 
the  edge  of  the  cold  Arctic  water  (sometimes  called  the  Polar  Front)  is  well  known  to  Icelandic 
fishermen  who  depend  on  this  fact  to  exploit  the  stock  with  good  yields  per  unit  effort  (G.  B. 
Farquhar,  personal  communication).  As  Berge  (1958)  has  pointed  out,  there  is  a  good  correla¬ 
tion  between  the  feeding  area  of  the  herring  in  summer  and  the  area  of  highest  productivity. 

Productivity 

In  common  with  other  boreal  waters,  the  Norwegian  Sea  is  a  region  of  high  primary  produc¬ 
tivity.  Using  Steeman  Nielsen’s  Carbon  14  method,  Berge  (ibid.)  found  the  primary  production 
to  be  0.8  to  1.8  g  C/m2  /day  in  the  central  Norwegian  Sea  based  on  measurements  in  May  and 
June.  Most  of  his  measurements  outside  this  high  productivity  area  still  indicated  a  productivity 
of  0.4  g  C/m2/day  or  greater. 

Our  measurements  did  not  include  primary  productivity  and  although  the  relationship  be¬ 
tween  primary  productivity  and  standing  crop  is  problematical,  the  quantity  of  material  in  our 
biological  collections  was  abundant  enough  to  be  consistent  with  the  concept  that  the  Norwegian 
Sea  is  a  region  of  high  productivity.  Undoubtedly,  a  great  deal  of  the  primary  productivity  in 
this  region  is  converted  to  herring,  Micromesistius,  and  other  large  fishes,  all  unavailable  to  us  be¬ 
cause  of  the  small  size  of  our  midwater  net. 

An  intensive  survey  of  the  area  is  needed  to  better  understand  the  biological  conditions  in  the 
Norwegian  Sea.  Such  a  survey  should  include  a  sampling  program  over  all  four  seasons  and 
should  use  larger  and  more  sophisticated  nets  which  the  larger  fishes,  such  as  the  herring  and 
Micromesistius,  could  not  avoid. 

CONCLUSIONS 

Examination  of  12-kHz  echo-sounder  records  from  the  Norwegian  Sea  showed  that  there 
were  two  layers  at  Stations  3  and  4  in  the  eastern  portion  with  both  layers  showing  evidence  of 
migration  over  the  sunrise  and  sunset  periods.  At  Stations  2  and  2A  in  the  western  portion,  only 
one  layer  was  found  which  showed  no  evidence  of  migration  over  sunrise  and  sunset.  No  corre¬ 
lation  was  noted  between  the  echo-sounder  records  and  the  distribution  of  organisms. 

The  deep  midwater  fish  fauna  of  the  Norwegian  Sea  consists  almost  exclusively  of  the  mycto- 
phid  Benthosema  giaciale.  Larger,  commercially  valuable  fishes,  including  herring,  also  occur  in 
the  midwaters,  probably  at  shallow  depths. 
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Specimens  of  Benthosema  glaciale  were  most  numerous  in  the  eastern  part  of  the  Norwegian 
Sea,  with  a  center  of  occurrence  at  a  depth  of  about  500  m  in  the  daytime  and  185  to  300  m  at 
night. 

Investigations  of  swimbladder  morphology  of  Benthosema  glaciale  indicated  that  as  individu¬ 
als  increase  in  size,  the  swimbladder  becomes  invested  with  fatty  tissue.  Because  of  enlargement 
of  the  gas  gland,  the  lumen  decreases  in  volume  to  a  minimum  in  40-5C  mm  (SL)  individuals. 

The  lumen  then  was  found  to  be  somewhat  larger  in  the  largest  fish  examined. 

Our  collections  of  B.  glaciale  showed  peaks  of  abundance  at  Standard  Lengths  of  approxi¬ 
mately  30, 40, 50,  and  possibly  60  mm,  whereas  investigations  of  otoliths  indicated  the  presence 
of  year  classes  I  through  III  and  possibly  IV. 

in  general,  the  invertebrates  were  more  abundant  in  the  shallower  hauls  at  the  western  sta¬ 
tions  than  in  those  at  the  eastern  stations  in  the  Norwegian  Sea. 

No  correlation  was  noted  between  the  distribution  of  organisms  and  the  vertical  distribution 
of  nutrients,  although  B.  glaciale  and  perhaps  the  euphauaids  seemed  to  be  excluded  from  the 
cold  Arctic  Bottom  Water  and  restricted  to  waters  that  have  some  admixture  of  North  Atlantic 
Water.  In  contrast,  the  carideam  seemed  to  be  restricted  to  the  Arctic  Bottom  Water.  The  other 
invertebrates  examined  showed  more  complex  distribution  patterns,  probably  reflecting  patch! 
ness  as  well  as  the  effects  of  the  combined  distributions  of  two  or  more  species  of  differing  eco¬ 
logical  requirements. 
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APPENDIX  I 


FISHES  CAUGHT  IN  THE  NORWEGIAN  SEA 


Salmoniformes 

Gonostomatidae 

Maurolicus  mulleri  (Gmelin,  1788).  4-T;  (1, 16  mm). 

Myctophidae 

Hierops  arctica  (Lutken  1891).  3-T1  (1,34  mm). 

Benthosema  glaciate  (Reinhardt,  1837).  2A-T10  (4, 22  to  46  mm),  2A-T1 1  (1,46.5  mm), 

3- T1  (23,26  to  61 .5  mm),  3-T6  (1, 62  mm),  3-T7  (53, 20  to  63  mm),  3-T8  (6, 35  to  55 
mm),  3 -T9  (25, 25  to  63.5  mm),  3-T12  (3, 42  to  56  mm), 4-T2  (1, 30 mm), 4-T3  (12, 27 
to  55  mm),  4-T4  (73, 27  to  65  mm), 4-T5  (1 1, 31  to  62  mm),  4-T6  (159, 23  to  57  mm), 

4- T7  (1 10, 25  to  62  mm),  4-T8  (24, 22  to  65  mm). 

Gadiformes 

Gadidae 

Micromesistius  poutassou  (Gill,  1863).  2A-T1  (1, 262  mm). 

Gaidropsaras  argentatus  (Reinhardt,  1838) 

Found  on  deck,  65°10'  N,  00°04'  E  (1 , 37  mm). 


DISCUSSION 

Hersey:  As  an  acoustician  I  would  appreciate  it,  and  I  suspect  others  would  also,  if  the  authors 
could  identify  the  part  of  the  organ  that  is  likely  to  be  filled  with  gas. 

Pugh:  If  a  gas  bubble  were  present,  it  would  be  found  in  the  lumen.  The  lumen  is  the  area 
labelled  “lu.’\  as  can  be  seen  on  the  cross  sections  in  Fig.  9.  The  lumen  is  not  necessarily  filled 
with  gas,  but  may  be  partially  or  completely  filled  with  an  amorphous  cottony  tissue  outgrowth 
of  the  gas  gland. 

Alexander:  Have  you  any  information  on  the  chemical  nature  o»  specific  gravity  of  the  fat? 
Pugh:  No. 

Alexander:  And  the  histological  nature  of  the  gas  gland? 

Pugh:  We  have  not  done  any  histological  studies  on  swimbladders.  However,  Marshall  has  done 
extensive  work  on  swimbladders  including  the  histology.  He  could  better  answer  your  question. 

Marshall:  What  is  the  specific  question? 

Alexander:  What  is  the  histological  nature  of  this  very  much  enlarged  gas  gland? 

Marshall:  It  looks  very  much  like  any  gas  gland.  Gland  cells  in  the  myctophids  are  usually  quite 
small. 
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D’Aoust:  I  am  naturally  delighted  to  see  another  report  of  the  fat  surrounding  the  bladder  as 
the  fish  gets  older.  It  is  speculation,  but  I  think  it  could  be  interpreted  as  a  diffusion  barrier. 
One  other  point-did  you  notice  an  oval  in  these  fish?  Specifically,  was  there  a  resorptive  area 
differentiated  from  the  gas  gland? 

Pugh:  The  oval  could  be  seen  at  the  anterior  end  of  the  swimbladder  where  its  position  was 
represented  schematically  by  a  dotted  circle  (ov.). 

Ebeling:  I  will  comment  on  the  composition  of  fat  associated  with  swimbladders.  Dr.  Judd 
Nevenzel  analyzed  the  fat  that  invests  swimbladders  of  Triphoturus  mexicams,D’aphus  theta, 
and  other  California  Current  lanterfishes  and  found  that  a  relatively  large  proportion  was  com¬ 
posed  of  wax  esters  of  relatively  low  density.  Perhaps  such  low-density  fats  invest  the  swim¬ 
bladders  of  many  other  lantemfishes. 

Barham:  I  do  not  believe  he  took  them  directly  from  the  swimbladder;  he  pooled  the  analysis 
of  lipids  by  whole  fish,  muscle,  and  viscera  and  did  not  get  values  for  the  swimbladder  itself. 

(NOTE:  It  was  later  determined  that  Barham  is  correct.) 


SCATTERING  LAYERS  AND 
VERTICAL  DISTRIBUTION  OF 
OCEANIC  ANIMALS  OFF  OREGON 


William  G.  Pearcy  and  Roderick  S.  Mesecar 
Department  of  Oceanography,  Oregon  State  University 
Corvallis,  Oregon 

ABSTRACT 

This  paper  reviews  some  of  the  distributional  features  of  vertically  migrating  micronekton 
off  Oregon;  describes  a  new,  conducting-cable,  midwater-  trawl  system  using  an  eight-net, 
opening-closing  cod-end  unit;  and  gives  some  preliminary  results  on  travri  catches  relative  to 
sound-scattering  layers. 

A  variable  complex  of  organisms,  including  euphausiids,  a  sergestid  shrimp,  and  mesope- 
lagic  fishes,  was  often  common  in  12-  and  38.5-kHz  scattering  layers.  The  depth  range  of 
many  species  was  broad,  and  sometimes  the  largest  catches  were  made  at  depths  above  or  be¬ 
low  scattering  layers.  Variability  was  large  among  nets  that  fished  eitv*r  horizontally  or  ver¬ 
tically  during  single  tows. 


DISTRIBUTION  OF  MESOPELAGIC  ORGANISMS  OFF  OREGON 

Only  a  few  species  of  oceanic  micronekton  predominate  our  nighttime-midwater  trawl  col¬ 
lections  in  epipelagic  waters  off  Oregon.  The  lantern  fishes  Stenobrachius  leucopsarvs,  Diaphus 
theta,  and  Tarletonbeania  crenularis,  the  melanostomiatid  Tactostoma  macropus;  the  sergestid 
shrimp  Sergestes  similis;  and  the  euphausiid  Euphausia  pacifica  are  all  abundant.  All  these  spe¬ 
cies  (except  T.  macropus)  have  been  correlated  with  biological  sound  scattering  in  other  areas 
(Barham,  1956  and  1963;Kampa  and  Boden,  1954;  Taylor,  1968;  Tucker,  1951). 

Of  the  fishes,  Stenobrachius  leucopsarus  juveniles  (less  than  30-mm  standard  length)  have  a 
gas-filled  bladder,  but  the  swimbladder  of  adults  is  regressed  and  surrounded  by  fatty  tissue 
(Capen,  1967;  Butler,  1970).  We  have  found  gas  in  the  swimbladders  or  body  cavities  of  some 
Diaphus  theta  and  Tarletonbeania  crenularis ;  gas  usually  occurred  in  small  individuals  but  was 
found  in  individuals  larger  than  30  mm.  All  Hierops  ( Protomyctophum )  crockeri  and  thompsoni 
examined  at  sea  had  gas-filled  swimbladders  (Butler,  1970). 

Studies  with  an  opening-closing  cod-end  unit  on  a  6-foot  Isaacs-Kidd  midwater  trawl  (IKMT) 
provide  good  evidence  for  vertical  migration  of  the  four  common  mesopelagic  fishes  and  Ser¬ 
gestes  similis  between  broad  depth  intervals  off  Oregon.  In  the  upper  150  m,  nighttime  catches 
exceeded  daytime  catches;  between  150  and  500  m,  daytime  exceeded  nighttime  catches 
(Pearcy  and  Forss,  1966;  Pearcy  and  Laurs,  1966).  Catches  of  these  species  between  500  and 
1,000  m  were  low,  and  no  die]  differences  were  evident.  The  ratios  of  night  to  day  catches  per 
in  the  water  column  to  1 ,000  m  for  all  species  were  greater  than  1 .0,  indicating  avoidance  of 
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the  trawl  during  the  daytime.  Although  only  slightly  more  Diaphus  theta  were  collected  per  m 
at  night,  over  four  times  as  many  Tarletonbeania  crenularis  were  caught  at  night  than  during  the 
day. 

The  average  size  of  mesopelagic  fishes  also  varied  with  depth;  individual  weight  was  lower  in 
0-  to  150-m  collections  than  in  150-  to  500-m  and  500-  to  1 ,000-m  collections  (Pearcy  and 
Laurs,  1966).  These  studies  also  show  broad  depth  ranges  for  mesopelagic  species.  During  the 
night,  for  example,  lantemfishes  and  shrimps  were  caught  at  all  depths  within  the  upper  1,000 
m  and  were  not  concentrated  solely  near  the  surface.  Vertical  migrations  and  distributional 
patterns  within  these  broad  depths  undoubtedly  occur.  Pearcy  (1964)  found  that  the  three 
common  lantemfishes  sometimes  have  different  distributions  within  the  upper  100  m  at  night. 

In  any  quantitative  study  of  pelagic  animals,  distributional  patterns  and  catch  variability  are 
important  considerations.  Repeated  tows  during  night  or  day  periods  suggest  patchy  or  clumped 
distributions  of  mesopelagic  fishes  (Pearcy,  1964;  Pearcy  3nd  Laurs,  1966).  Ebeling,  Ibara, 
Lavenberg,  and  Rohlf  (1970)  reported  that  most  mesopelagic  fishes  off  southern  California  were 
more  clumped  at  rniddepths  during  the  day  than  near  the  surface  during  the  night.  Donaldson 
(1968)  found  that  the  thickness  of  38.5-kHz  scattering  layers  was  less  during  the  day  than  at 
night  off  Oregon,  a  trend  that  suggests  that  the  density  of  organisms  within  layers  may  be  higher 
by  day  (Taylor,  1968). 

The  number  of  scattering-layer  organisms  may  vary  seasonally  and  annually.  Significant  dif¬ 
ferences  in  the  number  and  biomass  of  midwater  animals  have  been  reported  off  Oregon  (Laurs, 
1967;  Pearcy,  1964,  1965;  Pearcy  and  Forss,  1966;  Pearcy  and  Laurs,  1966;  Pearcy  and  Oster- 
berg,  1967).  In  oceanic  waters  over  and  beyond  the  continental  slope,  the  highest  biomass  of 
small  nektonic  fishes,  squids,  and  shrimps  generally  occurred  in  the  summer;  the  lowest  biomass 
occurred  in  the  winter.  Over  the  outer  edge  of  the  shelf,  however,  the  reverse  was  true.  Usually 
higher  catches  were  made  in  winter  than  in  summer. 

These  inshore-offshore  and  seasonal  changes  also  may  be  related  to  changes  in  size  structures 
of  populations.  The  decrease  in  biomass  in  winter  offshore  catches  was  correlated  with  an  in¬ 
creased  recruitment  of  small  Stenobrachtus  leucopsarus.  Small  lantemfishes  of  this  species  have 
gas-filled  swimbladders,  but  large  individuals  do  not.  The  sound-scattering  potential  offshore, 
therefore,  may  be  higher  during  winter  than  during  summer,  even  though  the  total  micronekton 
biomass  may  be  lower  in  winter. 

MIDWATER  TRAWL  SYSTEM 

A  conducting  cable  system  using  a  6-foot  1KMT  with  an  eight-bar  multiple  plankton  sampler 
(MPS)  (Bd,  1962;  Pearcy  and  Hubbard,  1964)  as  an  opening-dosing  cod-end  device  sampled 
oceanic  animals  to  1 ,000  meters  (Fig.  1).  Pressure  (depth),  temperature,  flow  (revolutions),  and 
net  opening  were  scanned  sequentially  and  transmitted  as  frequency-modulated  (FM)  signals 
from  transducers  on  the  IKMT-MPS  to  recording  units  on  deck. 

The  electrical  system  is  illustrated  in  Figure  2  as  a  block  diagram.  One  hundred  fifty  milli am¬ 
peres  at  50  volts  direct-current  is  transmitted  down  the  4,600  m  of  1 1-mm  coaxial  cable  (U.S. 
Steel  Corp.)  into  the  pressure  housing  or.  the  MPS.  This  housing  contains  the  net  actuator, 
transducer,  and  scanning  and  signal  transmission  electronics.  When  a  net  release  button  is  pushed 
on  shipboard,  a  polarity  reversal  of  the  voltage  to  the  MPS  takes  place.  When  the  net  release  but¬ 
ton  is  returned  to  its  normal  position,  the  motor  circuit  actuates  a  2-rpm  gear  motor  for  one 
shaft  revolution  that  opens  one  net  and  closes  another.  Cams  located  on  top  of  the  MPS  are 
coupled  directly  with  the  motor  shaft  in  the  electronics  package.  During  one  motor-shaft  revolu¬ 
tion,  one  cam  turns  360°,  releasing  one  lever  bar  that  holds  the  net  bar  in  a  cocked  position. 
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Figure  1.  A  conceptual  drawing  of  the  components  of  a  conducting-cable,  midwater-trawl 
MPS  system  with  the  following  parts:  (a)  deck  readout  recorders,  (b)  deck  winch  with  slip 
rings  and  conducting  cable,  (c)  electric  swivel,  (d)  6-foot  IKMT,  (e)  eight-bar  MPS,  and  (f) 
eight  sample  nets. 


This  operation  i$  repeated  eight  times  for  release  of  eight  neti.  During  the  motor  operating  pe¬ 
riod,  an  FM  signal  that  identifies  which  net  is  opened  is  transmitted  to  the  surface. 

Actuation  of  the  net  release  motor  interrupts  the  automatic  scan  sequence  of  the  transducer 
outputs.  Between  net  actuations,  the  electronic  scanner  sequentially  connects  the  transducer 
outputs  for  discrete  periods  of  time  to  a  voltage-controlled  oscillator  (VCO)  generating  FM  sig¬ 
nals.  The  VCO  output  is  coupled  through  an  electronic  driver  stage  to  the  coaxial  cable.  Signals 
are  displayed  aboard  ship  in  two  ways:  on  an  analog  strip-chart  recorder,  and  on  a  digital 
counter.  The  recorder  offers  a  quick  observation  of  a  tow  pattern  of  the  trawl.  The  digital  read¬ 
outs,  which  are  periodically  written  on  the  strip-chart  record,  give  the  greatest  resolution.  The 
maximum  resolving  capability  in  the  monitoring  system  is  one  part  in  one  thousand  of  trans¬ 
ducer  output  signal. 

Depth  was  monitored  with  a  potentionmetric  type  Servonic  model  H-172-5  pressure  trans¬ 
ducer.  The  tranaducer  was  calibrated  in  the  lab  with  a  temperature-corrected  Heise  pressure  gage. 
The  depth  resolution  was  ±  1  m  and  was  tranaducer  limited. 

Water  temperature  wu  sensed  by  a  10-kfi  thermistor  (Yellow  Springs  Instrument  Corp.)  at 
25*C.  it  was  calibrated  to  ±0.02*0  in  an  ice  bath  with  a  Hewlett-Packard  quartz  thermometer 
and  referenced  by  a  platinum  thermometer  and  Mueller  bridge.  The  thermistor  time  constant 
was  1.3  min. 
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Figure  2.  Block  diagram  of  the  electronic  module i  inside  the  MPS 

eiectronici  case 


A  voltage  reference  was  used  to  excite  the  pressure  and  temperature  transducers  and  to  act 
as  a  figure  of  merit.  This  reference  is  monitored  each  scan  cycle  along  with  the  transducer  signals. 
If  our  reference  has  changed  during  a  tow,  it  indicates  not  only  an  error  in  data  but  an  electrical 
malfunction  in  the  transmitting  electronics. 

The  electronics  scanner  was  set  to  sense  pressure  for  20  sec  and  temperature  and  reference 
for  10  see  each.  As  indicated  in  Figure  2,  however,  the  flowmeter  has  a  priority  to  interrupt  the 
scanner  at  any  time.  This  is  because  the  flowmeter  is  a  revolution  counter,  recording  a  signal 
every  1,000  revolutions  of  an  impeller  by  causing  the  VCO  input  to  go  to  zero.  On  the  strip- 
chart  recorder,  the  flowmeter  signals  appear  as  event  marks  that  intcmipt  the  regular  analog 
records  of  pressure  and  temperature. 

The  MPS  box  (40  X  40  X  5 1  cm)  is  made  of  7-mm  aluminum  and  weighs  30  kg  complete 
with  the  electronic  package  on  top.  The  MPS  nets,  3  ra  long,  are  of  0.57 1  -mm  Nitex.  The  liner 
of  the  KMT  is  5 -mm  mesh. 

The  electrical  1KMT-MFS  system  was  uaed  successfully  cm  a  cruise  from  12  to  18  November 
1969.  Twenty-six  separate  tows  were  made;  opening-doting  malfunctions  occurred  on  five  tows, 
usually  because  of  human  error  in  resetting  the  equipment.  The  flowmeter,  mounted  inside  the 
MPS  box,  worked  on  only  eight  tows  because  of  a  Aort  in  the  magnetic  switch.  The  flow 
through  tire  MPS  on  these  eight  tows  was  fairly  uniform  throughout  an  entire  tow.  There  was  no 
evidence  for  doaure  of  the  MPS  mouth  caused  by  twisting  of  the  net.  However,  in  one  case,  an 
interruption  in  the  flow  was  caused  by  a  squid  caught  in  the  im  pell  or. 

Catches  were  calculated  on  the  basis  of  grams  (wet  weight)  collected  per  minute.  Tow  speeds 
were  fairly  constant  within  a  tingle  tow  and  ranged  from  3.4  to  4.6  knots  among  tows.  At  this 
speed,  a  6-foot  KMT  (mouth  area  of  2.9  m3)  with  a  filtration  efficiency  of  8$%  (Pearcy  and 


SCATTERING  LAYERS  VS  VERTICAL  DISTRIBUTION 


385 


Laurs,  1966)  filters  about  260  to  350  m3/min.  All  tows  were  beyond  the  continental  slope  off 
central  Oregon  between  latitudes  44°  12'  and  44°  55'  N  and  longitudes  125°  25*  and  126° 05'  W). 

When  the  trawl  descended  to  the  maximum  tow  depth,  the  first  MPS  net  fished  obliquely 
over  a  large  depth  range.  Because  of  this,  and  the  fact  that  flow  rate  was  usually  lower  in  this 
net,  the  first  net  often  was  not  included  in  the  catch  results  of  all  tows. 

Two  echo  sounders  were  used  during  this  cruise:  (1)  a  12 -kHz  Edo  model  248  transceiver 
with  a  pulse  power  of  1 ,400  watts  and  an  Edo  333B  recorder  and  (2)  a  38.5-kHz  Simrad  510-5  j 

echo  sounder  with  a  pulse  power  of  450  watts.  Gain  was  reduced  in  surface  waters  of  both  re-  ! 

corders  to  accentuate  subsurface  scattering  layers;  hence,  surface  scattering  layers  in  the  upper 
36  m  usually  were  not  recorded.  3 

SCATTERING  LAYER  VARIATIONS  j 

The  depth  and  thickness  of  12-kHz  scattering  layers  for  two  diel  periods  during  the  cruise  j 

are  replotted  in  Figure  3.  Variability  is  pronounced.  Layers  were  recorded  within  the  upper  100  j 

m  during  both  day  and  night  periods.  Sometimes  these  surface  layers  deepened  or  shoaled  within  ‘ 

day  or  night  periods.  Migration  of  layers  occurred  during  twilight  periods  (sunrise  was  about  ; 

0600  hours;  sunset,  1730  hours,  local  mean  time).  The  descent  on  18  November  was  to  greater  j 

depths  than  on  14  November.  Ascent  toward  the  surface  occurred  during  midaftemoon  on  both 
days.  Note  that  a  layer  descended  from  the  main  ascending  migratory  layer  at  about  1800  hours  j 

on  18  November;  it  migrated  downward  to  about  400  m,  but  then  ascended  to  rejoin  the  main  ■ 

layer  at  2400  hours.  This  descent  of  a  secondary  layer  from  a  main  ascending  layer  was  observed 
on  another  day;  but  in  this  second  instance,  it  remained  at  400  m  and  did  not  ascend  to  jo*n  the 
main  layer.  Echo  groups  or  “tent  fish'’  were  recorded  near  the  surface  after  descent  of  the  mi- 
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gratory  scattering  layers  on  14  November  and  before  ascent  of  the  migratory  layer  on  18  Novem¬ 
ber  (see  also  Fig.  4). 

MIDWATER  TRAWL  CATCHES  AND  SCATTERING  LAYERS 

The  catches  of  midwater  animats  tvlarive  to  sonic  scattering  layers  are  summarized  for  six  of 
our  IKMT-MPS  tows  in  Tables  !  through  6  and  Figures  4  through  9.  These  tows  indicate  some 
of  the  spatial  and  temporal  •.'•nations  of  the  catches. 

Variability  within  Depths 

Repeated  collections  were  made  at  40  m  within  a  scattering  layer  after  it  ascended  into  sur¬ 
face  waters  (Fig.  4  and  Table  1).  Each  net  in  this  series  sampled  for  20  min,  filtering  approxi- 


Figure  4.  A  12-kHz  echogram  taken  from  1730  to  202.  boon  on  13  November  1969.  In  Fig- 

urei  4  through  9,  the  echogram  is  superimposed  on  the  !/ij*ctory  of  the  trawl  rod  numbers  of 

the  MPS  nets.  The  times  given  apply  to  the  duration  of  the  tow,  time  increasing  from  nght  to 
left. 


Table  1.  Catches  of  Midwater  Animals  from  1730  to  2025  Hours 
on  18  rovunber  1969 
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mately  5,000  m  at  3.4  knots.  Variations  in  the  biomass  (grams  wet  weight  per  minute)  of 
fishes  and  shrimps  were  large  among  samples.  Catches  of  euphausiids  and  plankton,  however, 
were  less  variable.  The  numbers  of  the  common  lanternfish  Stenobrachius  leucopsarus  also  indi¬ 
cated  a  clumped  or  patchy  distribution. 

The  tow  depicted  in  Figure  5  and  Table  2  shows  both  horizontal  and  vertical  variability  of 
catches.  The  largest  catches  of  fishes,  shrimps,  euphausiids,  and  plankton  were  made  in  the 
first  net  at  0  to  35  m.  Although  the  12-kHz  scattering  layer  started  i8  m  from  the  surface  and 
the  38.5-kHz  layers  started  10  m  from  the  surface,  the  layers  probably  continued  to  the  surface 
through  the  gated-out  portion  of  the  echograms.  Two  of  the  three  samples  at  35  to  38  m  had 
large  fish  biomasses;  only  one  of  the  three  samples  below  the  scattering  layer  at  77  m  had  a 
large  Sergestes  biomass.  The  biomass  of  Eup>  tusia  pacifica ,  on  the  other  hand,  was  uniformly 
large  between  35  and  77  m  and  small  bel^w  77  m.  Thus,  large  catches  were  made  within  she 
scattering  layer,  and  smaller  catches  were  made  below  the  scattering  layer.  Variability  within 
horizontal  strata  was  again  large,  and  variability  was  larger  for  fishes  and  shrimps  than  for 
euphausiids. 


Table  2.  Catches  of  Midwater  Animals  from  2040  to  0010  Hours 
on  14  November  1969 
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Variability  Among  Depths 

Two  tows  sampled  similar  depths  and  fished  through  and  below  a  scattering  layer  during  one 
night  (rigs.  6  and  7  arid  Tables  3  and  4).  The  layer,  winch  first  shoaled  and  then  deepened, 
was  from  18  to  90  m  on  the  12-kHz  Edo.  Two  layers  within  this  depth  range  appeared  on  the 
38.5  kHz  Simrad  echogram.  In  the  first  tow  Sergestes  similis  biomass  peaked  between  10  and 
45  m;  the  Euphausw  pacifica  biomass  was  largest  at  45  m  (within  both  the  38.5-  and  12-kHz 
layers);  and  the  fish  biomass  (mainly  Tactostoma  macropus)  was  largest  between  96  and  144  m, 
near  the  lower  edge  of  the  thick  portion  of  the  layer  (Table  3). 


Table  3.  Catches  of  Midwater  Animals  from  2048  to  2351  Hours 
on  13  November  1969 
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“See  Table  1. 
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The  second  tow  (Table  4,  Fig.  7)  which  started  about  2  hours  after  the  end  of  the  first  one, 
had  the  latest  catches  of  fishes,  shrimps,  and  euphausiids  in  the  97-145  m  net,  below  or  in  the 
lower  edge  of  the  scattering  layer.  Most  of  the  fish  biomass  caught  at  the  depth  of  the  scattering 
layer  was  from  Tactostoma  macropus.  These  changes  in  vertical  distributions  may  be  caused  by 
horizontal  patchiness  or  the  descent  of  Sergestes  and  Euphausia  within  the  scattering  layer 
during  the  sampling  period. 


Table  4.  Catches  of  Midwater  Animals  from  0200  to  0535  Hours 
on  14  November  1969 


Depth  range  of 
sound-scattering 
layer  (m) 

Depth  of  each 
net  fished 

_ 

Biomass8 

(grams  wet  weight/minute) 

_ 

Abundant 

genera 

38.5  kHz 

12  kHz 

Net 

Depth  (m) 

F 

S 

E 

P 

15-25 

1 

0-10 

0.08 

0.25 

0.06 

0.58 

40-50 

18-90 

2 

10-50 

076 

0.0* 

0 

0.15 

( Tactostoma ) 

3 

50 

0.62 

0.04 

0.08 

0.30 

4 

50 

0.41 

0.06 

0.23 

0.25 

5 

50-97 

0.15 

0.28 

0.14 

0.21 

6 

97 

0.05 

0.46 

0.26 

0.20 

StenobrachtusiS) 

7 

97-145 

1.17 

0.86 

0.49 

0.39 

Tactostoma 

■  ■ 

■  I 

Sergestes 

■ 

■ 

Euphausia 

"Sec  Table  1 


Figure  7.  A  12-kHz  echogram  taken  from  0200  to  0535  hours  on  14  November  1969 
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Deep  Scattering  Layers 

Sometimes  during  the  day,  and  less  commonly  at  night,  a  deep  scattering  layer  (DSL)  was 
apparent  on  12-kHz  echograms  at  350  to  420  m  (Figs.  8  and  9).  Tables  5  and  6  show  the 
catches  above  and  within  such  a  deep  layer  on  two  consecutive  tows. 

During  the  daytime  tow  (Figure  8  and  Table  5),  catches  of  fishes  and  shrimps  were  larger  in 
samples  in  the  DSL  than  above  the  DSL.  (Nets  1  and  2  fished  in  the  surface  scattering  layer  but 
caught  almost  nothing.)  Euphausiids  were  most  numerous  in  and  just  above  the  DSL  (324  to 
410  m).  The  large  plankton  biomass  in  net  4  resulted  from  Lensia,  a  nonphysonect  siphono- 
phore.  The  most  numerous  fish  in  the  DSL  was  small  Stenobrachius  leucopsarus  (less  than 
30  mm). 

The  DSL  started  to  rise  toward  the  surface  at  1400  hours  on  17  November  (Fig  8).  The 
migration  of  this  layer  continued  toward  the  surface  and  is  apparent  between  200  and  300  m  in 
Figure  9.  A  portion  of  this  migratory  layer  appeared  to  split  off  at  1630  hours  (just  below  start 
of  net  2  in  Fig.  9)  and  descend  to  360  to  420  m,  the  original  day  depth  of  the  layer  in  Figure  8. 
A  second  layer  also  appeared  to  descend  from  the  main  layer  at  1730  hours  (end  of  net  3)  to 
form  an  intermediate  layer  at  about  200  m. 

The  IKMT-MPS  was  towed  horizontally  at  173  to  180  m  while  the  main  layer  migrated  up¬ 
ward  (Fig.  9  and  Table  6),  Catches  in  net  2,  which  appeared  to  fish  in  the  densest  part  of  the 
layer,  were  low.  Many  euphausiids  were  caught  in  net  3  after  the  main  layer  migrated  above  the 
tow  depth  and  when  the  net  fished  in  the  vicinity  of  the  intermediate  layer.  Sergestes  also  was 
caught  at  175  m,  but  mainly  in  net  4.  The  largest  fish  biomass  was  caught  in  the  two  nets  that 
fished  the  DSL,  which  was  located  between  360  and  420  m. 


Figure  8.  A  12-kHz  echogram  taken  from  1024  to  144S  hours  on  17  November  1969 


Figure  9.  A  12-kHz  echogram  taken  from  1610  to  21 10  houn  on  17  November  1969 
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Table  5.  Catches  of  Midwater  Animals  from  1024  to  1445  Hours 
on  17  November  1969 


Depth  nngeof 
sound -scatteiing 
layer  (m) 

Depth  of  each 
net  fldied 

Biomass* 

(Brains  wet 
weight/minute) 

Abundant  genera 

12  kHz 

Net 

Depth  (tn) 

m 

S 

E 

— 

P 

37-70 

53-48 

0 

0 

T 

0.14 

48-277 

T 

T 

0.01 

0.23 

• 

277-256 

0 

0 

0.04 

5.16 

Lentie 

1 

256-324 

T 

n 

0.48 

■■ 

I  Eudlo 

324-330 

I 

0.53 

[ 

350-420 

1 

330-405 

0.16 

0.27 

}  Diaphus 

Eupfaudal 

V  Sergestes 

8 

405-410 

0.11 

0.17 

1.09 

l  Stenobrachius  (S) 

“See  Tabic  1. 


Table  6.  Catches  of  Midwater  Animals  from  1610  to  2100  Hours 
17  November  1969 


Depth  range  of 
sound-scattering 

Depth  of  each 
net  firfisd 

Bioaian1 
(grams  wet 

Abundant  genera 

layer  (m) 

weigh  t/mbiute) 

38.5  kHz 

12  kHz 

Net 

Depth  (m) 

F 

S 

E 

P 

down 

down 

2 

173-180 

0 

m 

0.32 

0.23 

to  175 

to  175 

3 

173-175 

0.33 

Bp'J 

1.08 

0.35 

Euphmisto 

4 

175 

0.17 

PTTg 

0.12 

1.64 

Sergettet,  siphonophore 

5 

175 

0.11 

0.43 

0.10 

0.21 

6 

175-400 

0.66 

0.57 

0.15 

0.89 

j  Ssenobrochtut  (S  >  L),  siphonophore 

1  Tactoitoma 

7 

400-410 

■ 

0.12 

0.06 

0.57 

(  Stenobntchiut  (S  >  L) 
iHieropi 
( Chmliodui 

■■ 

“See  Table  I. 
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Small  Stenobrachius  leucopsarus  were  numerous  in  the  DSL  (350  to  420  m)  during  both  the 
daytime  and  nighttime  tows  (Tables  5  and  6).  These  fish  have  gas-filled  swimbladders  (Capen, 
1967)  and  may  be  principal  contributors  to  this  12-kHz  sound-scattering  layer  off  Oregon. 
Sergestes  and  Euphausia,  on  the  other  hand,  were  common  within  depths  of  the  DSL  during 
the  day  but  were  most  common  above  the  deep  layer  at  night.  Small  S.  leucopsarus  of  the  same 
age  group  also  were  caught  in  large  numbers  near  the  surface  at  night.  They  were  common  in  a 
scattering  layer  in  the  upper  50  m  later  during  the  night  of  17-18  November,  the  same  night 
they  were  captured  in  deep  water  (Table  6).  This  suggests  two  centers  of  abundance  or  migra¬ 
tory  and  nonmigratoiy  individuals  of  this  age  group  within  the  population. 

Summary  of  Occurrences  Relative  to  Scattering  Layers 

Table  7  shows  how  frequently  common  groups  of  animals  had  peak  abundance  in,  above  and 
below  scattering  layers.  These  data  are  only  from  tows  that  sampled  through  layers. 


Table  7.  Occurrence  of  Maximum  Catches  of  Various  Midwater  Animals 


t 

.3 


% 

8 


I 


4 


i 


0-100  m 
Night 


12  kHz 


(9  tows) 


AA 

mu 

BB 


AAA 

III 

BB 


AA 

II 


A 

IIIII* 

BBB 


III 

B 


II 


III 

BBBB 


38.5  kHz 
(8  tows) 


mini 

B 


IIIII 

BB 


III 


A 

UIII*I* 

BB 


A 

III 

B 


II 

BBBB 


Day 


12  kHz 
(4  tows) 


I 

BB 


I 

B 


BB 


38.5  kHz 
(4  tows) 


I 

BB 


I 

B 


BB 


100-275  m  12  kHz 
Day/night 

(4  tows) 


A 

II 

B 


II 

B 


II 


I 

BBB* 


BB 


Day/night  38.5  kHz 
(3  tows) 


A 

I 

B 


BB 


A 

B 


A 

B 


BB 


B 


350-420  m 
Day/night 


12  kHz 


(4  tows) 


A 

m 


AA 

I 


AAAA 


IIII 

B* 


II 


*This  table  shows  how  often  the  maximum  catches  of  various  common  midwater  animals  occurred  in  (I), 
above  (A),  and  below  (B)  the  sound-scattering  layer  sampled.  Night  and  day  tows  were  tabulated 
separately  when  four  or  more  tows  could  be  included.  An  asterisk  indicates  a  preponderance  of 
Stenobrachius  larger  than  30  mm. 
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Within  the  upper  100  m  at  night,  euphausiids,  Sergestes,  and  Stenobrachius  peaked  at 
scattering-layer  depths  more  frequently  than  other  animals.  Euphausiids,  for  example,  were 
common  at  scattering-layer  depths  in  seven  out  of  eight  tows  through  38.5-kHz  layers.  The 
higher  occurrence  of  peaks  in  38 .5-  than  in  1 2 -kHz  scattering  layers  was  influenced  by  the 
greater  portion  of  the  12-kHz  echograms  that  were  gated  out  near  the  surface. 

During  the  day,  catches  of  most  groups  of  animals  were  largest  below  both  the  38.5-  and 
12-kHz  layers.  Only  euphausiids  and  pteropods  peaked  at  scattering  depths,  and  then  only 
infrequently. 

Poor  correlations  also  were  found  between  abundances  and  scattering  between  100  to  275  m 
during  day  and  night  periods,  but  the  total  number  of  tows  was  low.  Small  Stenobrachius 
leucopsarus  were  common  in  ail  four  tows  in  12-kHz  layers  between  350  and  420  m. 
Euphausiids  were  also  more  abundant  in  this  DSL  than  above  it  in  three  of  the  four  tows. 


CONCLUSIONS 

1.  The  depth  and  migratory  pattern  of  scattering  layers  observed  on  echograms  was  variable 
among  diel  periods. 

2.  Replicate  samples  at  discrete  depths  indicated  patchy  distributions  of  fishes  and  Sergestes 
similis.  Catches  of  Euphausia  pacifica  were  less  variable. 

3.  Sampling  during  single  nocturnal  periods  suggested  that  the  depth  distribution  of  species 
and  species  groups  may  change  within  surface  scattering  layers. 

4.  Although  catches  of  spedes  often  varied  among  depths,  many  spedes  were  caught  over 
wide  depth  ranges  and  were  not  completely  aggregated  into  high-density,  thin  layers. 

5.  Catches  of  Ashes,  shrimps,  and  euphausiids  were  sometimes  largest  at  scattering-layer 
depths.  Sometimes  catches  of  animals  were  low  at  scattering-layer  depths,  however,  and  some¬ 
times  large  catches  were  made  where  no  dense  scattering  layer  was  recorded. 

6.  Euphausia  pacifica,  Sergestes  similis,  and  Stenobrachius  leucopsarus  were  the  animals  that 
were  caught  most  often  in  largest  numbers  in  scattering  layers,  especially  in  the  upper  100  m  at 
night. 

7.  Small  Stenobrachius  leucopsarus  (with  gas-filled  swimbladders)  were  ~aught  in  all  tows 
that  sampled  the  DSL  (350  to  420  m)  during  day  or  night  periods. 
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A  RECONNAISSANCE 
OF  THE  DEEP  SCATTERING  LAYERS 
IN  THE  EASTERN  TROPICAL  PACIFIC 
AND  THE  GULF  OF  CALIFORNIA 


C.  R.  Dunlap 

Hopkins  Marine  Station,  Stanford  University 
Pacific  Grove,  California 

ABSTRACT 

Observations  made  during  three  cruises  in  the  eastern  tropical  Pacific  and  the  Gulf  of 
California  showed  sonic  scattering  layers  at  approximately  four  discrete  depths  (50-250  m, 
300  m,  400  m  and  500  m).  DSL’s  in  the  Gulf  of  California  appear  to  be  an  integral  extension 
of  the  eastern  tropical  Pacific  scattering  layers.  Midday  scattering  layers  do  not  indicate  any 
obvious  relationship  to  oxyclines  and  were  commonly  observed  in  oxygen  concentrations  less 
than  0.5  ml/1.  Tucker  midwater  trawls  taken  in  sonic-scattering  layers  indicatid  much  more 
biomass  than  those  taken  outside  the  layers;  myctophids,  gonostomatids,  stemoptychids, 
larval  fishes,  euphausiids,  prawns,  tunicates,  siphonophores,  and  squid  were  most  commonly 
associated  with  the  layers.  Evidence  is  presented  that  some  layers  may  migrate  in  the  eve¬ 
ning  to  the  depth  of  maximum  chlorophyll  a,  presumably  due  to  feeding  behavior.  Swim- 
bladder  measurements  and  resonant  volume  calculations  for  the  myctophid, Myctophum 
nitidulum  are  included. 


INTRODUCTION 

Although  investigators  have  observed  the  deep  scattering  layers  (DSL)  in  the  eastern  tropical 
Pacific,  there  have  been  few  ecological  studies  of  the  organisms  in  the  DSL  (Dietz,  1948, 
Kanwisher,  et  al.,  1957;  Barham,  1966;  Beklemishev,  1967).  Gearly,  more  information  is  needed 
on  the  diurnal  migration  of  the  organisms  and  their  relation  to  variables  such  as  light,  tempera¬ 
ture,  and  oxygen. 

This  investigation  reports  a  portion  of  the  results  of  a  DSL  study  (Dunlap,  1968)  made  during 
Stanford  Oceanographic  Expeditions  (S.O.E.)  16  and  21  in  the  Gulf  of  California  and  Expedition 
17  in  the  eastern  tropical  Pacific. 

METHODS 

The  majority  of  the  DSL  recordings  (Figure  1)  were  obtained  with  a  30-kHz  Simrad  fathom¬ 
eter,  model  540-4.  An  1 1-kHz  Simrad  fathometer,  model  513-1,  provided  limited  comparative 
information. 

Spurious  secondary  sea-floor  echoes  occasionally  occurred  when  water  depths  were  leal  than 
2000  m.  These  were  identified  by  analysis  of  the  strength  of  the  echo,  movement  of  the  echo 
during  the  dawn-to-dusk  periods,  and  movement  of  the  echo  in  relation  to  bottom  depth  changes 
on  the  cruise  track. 
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Figure  1.  A  geographical  distribution  of  recent  DSL  observations 
in  the  eastern  tropical  Pacific 


DSL  fauna  was  sampled  with  a  Tucker  opening-closing  micronekton  net  (Davies  and  Barham, 
1969)  equipped  with  a  time -depth  recorder.  The  depth  of  the  net  was  determined  by  geometric 
triangulation.  The  trawl  was  towed  a!  depth  for  one  hour  to  minimize  the  effects  of  patchiness 
(Wiebe,  1968).  Tow  speed  was  2  knots. 

Daytime  environmental  variables  (temperature,  salinity  and  oxygen  concentration)  were  ex¬ 
amined  by  making  hydrocasts  to  1000  m.  Bathythermograph  records  were  taken  at  most  sta¬ 
tions.  Oxygen  concentration  was  determined  by  the  Winkler  technique  (Carpenter,  1965),  light 
intensity  at  the  sea  surface  was  observed  with  a  pyrheliometcr,  and  light  penetration  was  mea¬ 
sured  with  a  photometer  or  Secchi  disc. 

The  abundance  of  food  (as  phytoplankton)  at  night  in  the  upper  100  m  was  sampled  by  a 
separate  series  of  night  hydrocasts.  Hie  phytoplankton  cells  were  concentrated  by  membrane 
filtration  and  a  Turner  fluorometer  was  used  to  determine  chlorophyll  a  by  the  method  of 
Lorenzen  (1965). 

Swimbladder  morphology  of  several  midwater  fishes  was  studied  by  measuring  the  major  and 
minor  axes  of  the  swimbladder,  and  determining  swimbladder  volume  directly  by  injecting  water 
from  a  calibrated  syringe  into  the  swimbladder.  Sonic  resonance  curves  from  the  swimbladder 
volumes  were  then  constructed  according  to  Capcn  (1967). 
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RESULTS  AND  DISCUSSION 

Day  DSL  Depths,  Light  and  Oxygen  Variables 

Layers  were  present  at  almost  all  locations  where  observations  were  made.  Longhurst  (per¬ 
sonal  communication)  got  similar  results  from  30-kHz  observations  on  an  EASTROPAC 
program  latitudinal  transect  (Figure  1). 

Light  appeared  to  be  the  major  factor  related  to  the  day  depths  of  the  DSL  in  this  study.  The 
mean  midday  depths  of  the  layers  occurred  mainly  at  (1)  50-250  m,  (2)  300  m,  (3)  400  m,  and 
(4)  500  m.  The  combined  results  of  a  northward  transect  of  the  Gulf  of  California  in  October- 
November  1967,  and  a  southward  transect  of  the  eastern  tropical  Pacific  in  January -February, 
1968,  are  shown  in  Figure  2.  It  is  apparent  that  the  midday  depth  of  the  first  layer  deepens  as 
the  equator  is  approached.  Surface  incident-light  intensity  increased  toward  the  equator  (70  to 
90  cal/cm2/hr),  and  the  penetration  of  the  1%  light  level  also  increased  from  49  to  120  m.  The 
continuity  of  the  data  in  Figure  2  suggests  that  layers  in  the  Gulf  of  California  are  probably  an 
integral  part  of  the  DSL  pattern  of  the  eastern  tropical  Pacific. 

These  results  confirm  earlier  reports  of  Dietz  (1948)  and  Beklemishew  (1967)  that  DSL’s  are 
found  at  greater  depths  as  the  equatorial  region  is  approached.  Light  -intensity  observations  sug¬ 
gest  that  this  increase  in  DSL  depth  might  be  due  to  increasing  intensity.  This  is  contrary  to  the 
findings  of  Moore  (1958),  who  indicated  that  seasonal  or  other  incident  sunlight  changes  would 
not  change  the  layer  depths  by  more  than  50  m. 
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Figure  2  The  mean  day  depth  distribution  of  30-kHz  DSL’s  and  iso<henns  at  various 
latitudes,  showing  layer  1  deeper  at  the  Equator 
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Oxygen  concentration  in  the  Gulf  cf  California  had  no  apparent  effect  on  the  30-kHz  layers 
during  the  day,  contrary  to  previous  reports  by  Bary  (1966)  and  Kanwisher  (1966).  Except  for 
the  uppermost  layer,  all  layers  in  the  Gulf  of  California  were  typically  found  in  oxygen  concen¬ 
trations  of  less  than  0.5  ml/L  Os.  Bary  (1966)  suggested  that  day  layer  depths  in  Saanich  Inlet 
might  be  determined  by  an  oxycline.  In  the  Gulf  of  California  the  oxycime  is  above  a  similar 
oxygen  minimum,  but  the  DSL’s  are  not  restricted  by  it.  Possibly  the  layers  in  Saanich  Inlet 
(British  Columbia)  are  oxygen  controlled  and  there  is  a  physiological  difference  between  the 
causative  organisms  in  these  two  different  areas.  Perhaps,  with  light-intensity  data  and  current 
work  using  a  range  of  frequencies  (Pieper,  1969),  the  discrepancy  will  soon  be  resolved.  Others 
have  shown  that  organisms  found  at  DSL  depths  can  readily  survive  at  extremely  low  oxygen 
conditions  (Teal  and  Carey,  1967;  Childress,  1969).  Kinzer  (1966)  has  also  found  DSL’s  in  an 
oxygen  minimum  region  in  the  Arabian  Sea. 

Figure  3  presents  oxygen  profiles  and  scattering  layers  for  the  eastern  tropical  Pacific  at 
100°  W  (data  from  S.OJE.  17).  There  seems  to  be  no  general  relationship  between  oxyclines 
and  the  30-kHz  DSL.  The  amount  of  oxygen  present  between  a  depth  of  100  and  300  m  does 
increase  proceeding  south,  but  incident  sunlight  also  increases  and  the  1%  light  depth  gets  deeper 
along  the  transect.  In  fact,  equatorial  scattering  layers  seemed  to  respond  to  changing  light  Ad¬ 
ditions  independent  of  the  oxygen  distribution. 

I  conclude  that  light  appears  to  be  the  dominant  factor  in  the  determination  of  the  depths  of 
the  midday  DSL.  Any  acoustical  or  biological  DSL  study  should  therefore  include  light  mea¬ 
surements,  if  only  Secchi  disc  readings.  Although  Secchi  disc  readings  have  been  shown  to  have 
great  limitations  (Tyler,  1968),  they  may  have  real  alue  in  broad  geographical  DSL  studies 
(Dickson,  personal  communication). 

Diurnal  Vertical  Migration  Patterns 

Three  continuous  24-hour  observations  of  deep  scattering  layers  were  made  in  the  eastern 
tropical  Pacific.  The  results  of  the  first  observation,  made  on  January  28  and  29, 1968  at  the 
equator  (0°0'N,  100°0'  W),  are  shown  in  Figure  4.  The  two  major  migrating  layers  were  ob¬ 
served  at  mean  day  depths  of  260  and  390  m.  Another  scattering  layer  appeared  at  about  500  m. 
but  its  evening  migration  took  it  to  about  410  m  for  its  night  residence  depth.  Diffuse  scattering 
was  also  found  at  310  m,  230  m,  and  190  m  during  the  night,  while  their  day  positions  were  not 
dear.  The  DSL’s  retched  their  maximum  day  depths  at  approximately  0945,  when  sunlight 
(56  cal/cm2/hr.)  was  about  66%  of  the  maximum  daytime  value.  The  layers  remained  station¬ 
ary  at  this  depth  until  1S00  hours  when  the  intensity  was  again  about  55  cal/cm2/hr. 

The  diurnal  cycles  of  Figures  5  and  6  were  observed  in  the  Gulf  of  California  in  the  late  sum¬ 
mer  of  1969.  The  1%  light  depth  occurred  at  approximately  86  m  for  24°N  and  69  m  for 
27.5°N.  Surface  light  intensities  and  rates  of  change  were  identical  during  the  DSL  migrations, 
and  the  layers  were  deepest  at  about  0800  local  time  at  both  latitudes  in  the  Gulf.  Tire  pyrheli- 
ometer  values  at  that  time  were  30  cal/cm2/hr.  The  two  stations  had  similar  layers  near  300  and 
400  m.  An  interesting  phenomenon  occurred  at  lesser  depths.  At  27.5®N  a  layer  was  present  at 
about  180  m.  However,  at  24°N,  patches  of  scattering  occurred  above  the  300-m  layer,  instead 
of  a  consistent  diffuse  scattering  layer.  This  suggests  1  faunal  change  or  a  behavioral  (schooling) 
change  between  the  two  stations.  Beklemishev  (1967)  comments  that  in  the  tropical  part  of 
three  oceans  the  300-m  layer  consisted  of  significant  sound  scatterers,  sometimes  including 
tuna.  These  rose  upward  with  the  layer  in  the  afternoon,  remaining  until  sundown.  The  patchy 
echoes  at  24*N  followed  a  similar  behavior  pattern;  however,  many  other  phenomenon  such  as 
the  schooling  of  smaller  fish  could  also  explain  these  echoes.  Non  migratory  DSL’s  also  occurred 
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Figure  4.  A  24-hour  observation  of  the  diurnal  vertical  migration  of 
30-kHz  DSL's  showing  their  relation  to  surface  light  intensity  at  the 
Equator.  Observations  were  made  in  January  1968. 
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at  both  sutions.  Bradbury  (personal  communication)  observed  30 -kHz  DSL  migration  patterns 
during  S.O.E.  19  {Figure  1),  and  her  results  further  support  the  presence  of  many  nonmigratory 
DSL’s  in  the  eastern  tropical  Pacific. 

Night  Shallow-Scattering  Layers 

Table  1  summarizes  the  occurrence  of  shallow  scattering  layers  at  night  in  the  Gulf  of  Cali¬ 
fornia  in  relation  to  the  abundance  of  chlorophyll  a  (i.e.  phytoplankton)  and  of  oxygen,  and  the 
thermocline.  The  highest  intensity  of  sound  scattering  was  usually  at  the  depth  of  maximum 
chlorophyll  a  which,  in  turn,  was  generally  near  the  top  of  the  thermocthn  .  Since  the  tliermo- 
ciine  was  not  unusually  sharp  (l°C/5  m),  the  occurrence  of  a  nonbiologlcn!  scattering  phenom¬ 
enon  is  not  suggested,  ar.d  I  believe  that  the  scattering  is  caused  by  feeding  animals.  A  scattering 
layer  was  also  observed  at  the  maximum  chlorophyll  a  or  phytoplankton  level  by  Levenson 
(1968).  Longhurst  (1967)  found  that  the  greatest  zooplankton  biomass  migrating  to  the  surface 
waters  at  night  was  at  the  depth  of  maximum  chlorophyll  a.  Migrators  probably  come  in  to  the 
surface  waters  at  night  because  of  greater  food  availability  (Marshall,  1954).  Factors  such  as 
the  depth  of  the  mixed  layer  and  higher  temperatures  could  limit  this  upward  migration  (Hersey 
and  Backus,  1962;  Paxton,  1967;  Harder,  1968). 

Midwater  Trawl  Results 

Trawls  in  scattering  layers  yielded  a  higher  biomass  than  trawls  out  of  the  layers.  Tables  2 
and  3  summarize  the  daytime  trawls  in  and  out  of  the  DSL’s  of  the  Gulf  of  California  and  the 
eastern  tropical  Pacific.  In  these  tables  “small”  invertebrates  included  all  macroplankton  less 
than  2.5  cm  in  length.  Only  the  general  results  of  the  Tucker  trawls  are  presented  in  this  paper. 
Myctophids,  gonostomatids,  stemoptychids,  larval  fishes,  euphausiids,  prawns,  tunicates,  siph- 
onophores,  and  squid  were  most  commonly  associated  with  the  scattering  layer.  The  trawl  re¬ 
sults  suggest  that  not  all  individuals  in  monospecific  populations  (e  g.,  Triphoturus  mexicams, 
Gilbert)  migrate  to  the  surface  at  night.  Thus,  not  all  individuals  are  light-followers.  This  is  con¬ 
trary  to  the  findings  of  a  previous  study  of  myctophid  distribution  off  southern  California 
(Paxton,  1967). 

Resonant  Properties 

Myctophum  nitidulum  Carmen  was  examined  for  resonant  properties  (Figure  7),  and  it  ap¬ 
pears  that  with  a  frequency  of  12  kHz  and  depths  of  less  than  500  m,  fish  with  standard  lengths 
up  to  about  40  mm  would  resonate.  The  volume  of  gas  in  *Uj>  swimbladder  was  greater  on  a 
calculated  and  direct  measurement  basis  than  for  most  Pacific  myctophids  (Capen,  1967). 
Myctophum  nitidulum  seemed  to  be  similar  to  the  Pacific  hake  in  its  possible  resonant  scattering 
range  (Capen,  1967). 

Conclusions  reached  in  this  study  have  been  based  on  the  relationship  between  the  environ¬ 
ment  and  the  deep  scattering  layer  in  the  eastern  tropical  Pacific.  A  more  complete  understand¬ 
ing  of  the  subject  awaits  completion  of  the  faunal  analysis  of  the  DSL  of  this  region. 
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Table  2.  Gulf  of  California  S.O.E.  1 6  Biomass  Summary  of 
Day  Tucker  Trawls 


A.  SefcCimi  Trawl*  Which  Trawled  Rxchwirdy  m  the  DSL 


R/V  Te  Vega 
Station 

Number  of 
Lane 

Invertebrates 

Small 

Total 
Number 
of  Fishes 

inwt  Depth 

(m) 

Layer 

Number 

Time 

IDtBWvToIv 

Displacement 
Volume  (ml) 

35 

28 

25 

146 

355 

3 

1102/1202 

121 

18 

50 

12 

175 

1 

0945/1045 

135 

21 

22 

72 

290-345 

2 

1035/1135 

145 

33 

40 

1626 

390 

3 

1250/1350 

161 

20 

40 

185 

250-300 

2 

0950/1050 

163 

2 

15 

82 

130-145 

1 

1405/1505 

Average 

20 

34 

354 

B.  Selected  Trawu  Which  Trawled  Exclusively  Out  of  the  DSL 


Number  of 

Station 

Large 

Invertebrates 

Invert  erbrate 
Displacement 
Volume  (ml) 


Total  Number 
of  Fishes 


Trawl  Depth 

(m) 


64 

4 

5 

33 

425-445 

1500/1600 

112 

21 

25 

27 

850 

1335/1435 

122 

9 

50 

124 

235 

1200/1300 

123 

3 

25 

22 

540-650 

1420/1520 

136 

138 

0 

154 

320-360 

1237/1337 

144 

2 

25 

136 

525-560 

1029/1129 

184 

64 

7 

47 

360-390 

1520/1620 

191 

1 

2 

8 

170-175 

0604/0704 

192 

2 

0 

5 

770-830 

0845/1045 

193 

20 

1 

0 

275 

1235/1335 

Avenge 

26.4 

14.0 

55.6 

C.  Summary  of  Data  by  Layers  (from  A) 

Average 

Layer 

Number  of 

»i - 1. — 

rfuiDOcr 

Imp 

Invertebrates 

i 

10 

2 

20 

3 

30 

mroncormte 


VohmM(ml) 


Avenge 

Number 

of 

FUhm 


Invertebrate* 


47  Squid  Larval  Fishes 

128  Squkl/Euphausiid/Decspods  Trtphoturui  mtxkanui 

886  Squid/Euphausiid  Ttiphoturui  mexktmu 


DIKLAP 
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Tabic  3.  Eaitern  Tropical  Pacific  S.O.E.  3  7  Bromaas  Summary 
of  Day  Tucker  Trawl* 


A.  Selected  Trawl*  WVfch  Trawled  E*durfv«*y  in  the  DSL 

R/V  Te  Vtp 
Station 

Number  of 
Large 

Invertebrate* 

Sroal 

Invertebrate 

Dfepfeceaent 

Volume  (ml) 

Total 
Number 
of  F  tabes 

lime 

Trawl  Depth 

(m) 

Layer 

Number 

17 

3 

8 

122 

1400/1500 

385481 

3 

31 

0 

43 

2 

1303/1403 

200-270 

1 

32 

12 

62 

219 

1520/1620 

355410 

2 

42 

0 

743 

51 

1358/1458 

390400 

2 

47 

65 

166 

36 

1000/1100 

250400 

2 

49 

23 

43 

200* 

1505/1605 

450-500 

3 

57 

73 

412 

117 

0935/1035 

350-378 

2 

60** 

7 

43 

15 

1625/1655 

140-160 

1 

66 

19 

430 

99 

1435/1535 

300-350 

2 

Average 

22 

216 

96 

B.  Selected  Trawla  Which  Trawled  Exdudrety  Out  of  the  DSL  j 

8 

8 

45 

33 

1244/1344 

235-277 

0 

8 

S 

1155/1255 

185-225 

15 

3 

43 

9 

0931/1031 

200-246 

16 

1 

12 

3 

1139/1239 

60-90 

6 

64 

1 

0937/1037 

210-230 

41 

- 

27 

3 

1122/1222 

215-227 

48 

18 

39 

9 

1230/1330 

385-335 

58 

13 

26 

6 

1135/1235 

160-210 

69 

!! 

21C 

1  24 

0900/1000 

290-310 

21 

167 

- 

- 

1040/1140 

250-265 

J  Average 

9 

64 

10 

C.  Summary  of  Data  by  Layer*  (from  A) 

Layer 

Number 

Mean 

Layer 

Depth 

(») 

Average 
Number 
of  Large 
Invertebrate* 

Avenge 

Small 

Invertebrate 

Diepkcexrmt 

Votune 

Average 

Number 

ofFkbea 

Dominant  Invertebrate* 

Dominant  Fab 

1 

250 

~~^3 

43 

8 

Tunicate*,  Slphonopboret 

Larva!  Leptoeephalui 

2 

390 

34 

362 

104 

Euphausiid* 

Gonoetomatkli  and 

Hat  diet  Fiah 

3 

500 

23 

43 

200 

Sergettid  Shrimp 

MyctooMda  and 

L 

a— — . 

_ 

_ 

Gonoetomatids 

•Ertinuted  Number 

**D»U  oomcted  to  Standard  Day  Trawl 
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ABSTRACT 

Acoustic  studies  show  the  daytime  scattering  pattern  in  the  equatorial  Indian  Ocean  to 
consist  of  a  main  deep  scattering  layer  (DSL)  (sometimes  a  double  layer)  with  a  top  at  200 
to  3S0  nt  and  an  intermediate  layeT  (not  always  present)  at  about  200  to  250  m.  as  well  as 
surface  scattering.  At  night,  a  combined  layer  forms  in  the  upper  ISO  to  250  m  by  merging 
of  surface  scattering  with  the  ascended  main  DSL  ami  deeper  elements.  A  nomenclature  for 
scattering  features  is  suggested.  Horizontal  distributions  bom  Africa  to  the  Nicobar  ishads 
are  given  for  161  species  of  midwater  animals,  including  16  siphonophoras,  14  pteropcds. 

10  heteropods,  3  mysids,  7  ouphaudds,  19  shrimps.  8  tunicate*,  and  79  fishes.  Vertical  dir- 
tributions  are  discussed  for  56  genera  and  species  that  were  taken  frequently  enough  to 
suggest  diet  patterns.  Of  these,  1 3  were  taken  primarily  at  main  DSL  depths  and  lower  in 
daytime  and  in  the  combined  layer  (uppr  100  to  150  m)  at  night,  indicating  that  they  are 
vertical  migrators.  The  six  species  showing  the  strongest  association  with  the  main  DSL 
wen  Abtyoptit  urntfont  (a  dpboaophore),  CymbvUe  *p.  (a  pteropoJ),  Thymxopnk  sp. 
and  Ntmttobnckkm  ip,  (euphausbdi),  Vbteipttrrit  nimburit  ta  itomiatoid  fish),  and 
Nototyduiut  nridhdar  ( a  myctophid  fish).  Partial  migrators  of  the  gnus  Atgvropthevi 
(itomiatoid  fishes)  were  also  strongly  associated  with  the  main  DSL,  but  not  with  the  com¬ 
bined  layer. 

■M.G.  Bradbury.  San  Francisco  State  College.  San  Francisco.  California;  D.P.  Abbott,  Hopkins  Marine 
Station,  Pacific  Grove.  Calif  oral*;  R.V.  Bovbjerg.  S»*4J  University  of  Iowa.  Iowa  City.  Iowa;  R.N. 

Mari  seal.  Florida  State  University,  Tail*  has  see,  Florida;  W.C.  Fielding.  Community  Hospital  of  Monterey 
Peninsula.  Carmel.  California;  RT  Barber.  Duke  University  Marine  Laboratory,  Beaufort,  North  Carolina; 
V.B.  Pears*.  Hopkins  Marine  Station,  Pacific  Grove.  Catdbmia;  SJ.  Proctor.  Vancouver  Public  Aquarium, 
Vancouver,  B.  C,  Canada;  J.C.  Ggden,  Srmthioman  Tropical  Research  institute.  Balboa.  Canal  Zone, 

J.P.  Wourmt,  McGill  University.  Montreal,  Quebec.  Canada;  L.R.  Taylor,  Jr.,  Scripps  Institution  of 
Oceanography,  La  Jolla,  California.  J.G.  Christofferson  and  J.  P.  Chrittofferaon.  Stanislaus  State  College. 
Turlock,  California:  R.M  McPhearson.  University  of  Alabama.  University.  Alabama;  MJ.  Wynne. 
University  of  California.  Berkeley.  California;  P  M  Stromborg,  Jr.,  Northern  Illinois  Um/ervty,  DeKsJb 
Illinois. 
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INTRODUCTION 

Cruise  5  of  R/V  Te  Vega,  operated  by  Stanford  University  under  the  auspices  of  the  National 
Science  Foundation,*  departed  from  Mombasa,  Kenya,  on  5  October  1964  and  terminated 
1 2  December  1964  in  Singapore  (Fig.  I).  A  major  objective  of  the  scientific  party  aboard  *  was  to 
gather  information  on  the  association  of  organisms  occurring  at  the  depths  of  the  deep  scattering 
layer  (DSL)  and  at  levels  immediately  above  and  below  the  DSL.  Previous  studies  of  the  DSL 
(reviewed  by  Hersey  and  Backus,  1962)  have  stressed  problems  of  recording  and  comparing 
echograms  or  have  been  concerned  primarily  with  determining  the  species  responsible  for  sonic 
scattering  at  DSL  depths.  In  the  present  study,  we  have  been  concerned  mainly  with  three 
topics:  (1)  the  behavior  of  the  DSL  as  interpreted  from  fathometer  and  sonar  echograms:  (2)  the 
kinds  of  macroscopic  organisms  present  in  and  near  the  DSL  at  various  times  of  day  and  night, 
their  numbers  and  their  movements;  and  (3)  the  food  habits  of  these  organisms.  Although  the 
work  covered  only  a  2-month  period  and  was  carried  out  within  a  restricted  range  of  latitudes, 
the  results  obtained  have  yielded  a  picture  of  the  DSL  fauna  somewhat  broader  than  that  ob¬ 
tained  in  most  previous  studies. 

Acoustic  and  trawling  operations  were  conducted  in  the  area  between  Kenya  and  the  northern 
tip  of  Sumatra  over  a  cruise-track  distance  of  about  4,300  nautical  miles  (Fig.  1).  Three  stops 
were  made  along  this  track  for  supplies  and  biological  work  on  inshore  communities,  The  trawl¬ 
ing  and  DSL  observation  stations  therefore  fall  into  four  series: 

1 .  Mombasa,  Kenya,  to  Port  Victoria,  Seychelles,  across  the  southern  portion  of  the  Somali 
Basin;  1,400  nautical  miles,  traversed  5  to  14  October  1964. 

2.  Port  Victoria,  Seychelles,  to  Male  Atoll,  Maidive  Islands,  across  the  Somali  Basin,  the 
Carlsberg  Ridge,  and  the  southern  portion  of  the  Arabian  Basin,  terminating  on  the  Mid-Indian 
Ridge;  1 ,500  nautical  miles,  traversed  27  October  to  4  November  1964. 

3.  Male  Atoll,  Maidive  Islands,  to  Colombo,  Ceylon;  400  nautical  miles,  traversed  9  to  12 
November  1964. 

4.  Colombo,  Ceylon,  to  the  northern  tip  of  Sumatra  across  the  southern  portion  of  the  Bay 
of  Bengal;  1,100  nautical  miles,  traversed  19  to  26  November  1964. 

The  first  and  last  stations  were  made  on  7  October  and  24  November,  respectively;  they  were 
therefore  about  7  weeks  apart  and  are  separated  in  space  by  a  straight-line  distance  on  the  chart 
of  about  3,000  nautical  miles.  All  stations  were  made  in  open  waters  ranging  in  depth  from 
2,012  to  5,121  m.  Proximity  to  land  masses  varied  with  the  station,  but  no  stations  were  made 
on  island  or  continental  shelves  (insert,  Fig.  1). 

Weather  conditions  varied  considerably  during  operations.  The  first  leg  of  the  cruise  and  the 
initial  part  of  the  second  were  made  during  the  last  of  the  southeast  monsoon,  with  a  heavy 
swell  on  the  starboard  bow  and  stiff  breezes.  As  the  ship  neared  the  Maidive  Islands,  the  winds 
declined  to  almost  nothing,  then  shifted  to  westerlies.  East  of  the  Maidive  Islands,  we  experi¬ 
enced  our  only  serioui  storm.  In  the  vicinity  of  Ceylon,  the  westerlies  moderated  until, at  the 
last  station  in  the  Bay  of  Bengal,  we  operated  in  a  dead  calm.  The  northeast  monsoon  began 
about  5  December,  after  all  trawling  operations  had  been  completed. 


•Supported  by  National  Science  Foundation  gram  G 17465. 

•Chief  Scientist:  Prof.  D.P.  Abbott:  Faculty:  Prof.  R.V.  Bovbjerg,  Prof.  M.G  Bradbury;  Faculty  Assistant: 
R.N.  Mariscal;  Ship's  Physician:  Dr.  W.C.  Fielding;  Graduate  Students.  R.T.  Barber,  V.B.  Pearse,  SJ. 
Proctor.  J.C.  Ogden.  J.P.  Wourms,  L.R.  Taylor,  Jr.,  J.G.  Christofferson,  J.P.  Christofferson,  R.M.  Mc- 
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Figure  i.  Map  of  the  tr  xk  of  R/V  Tc  Vega  during  Cruise  5,  showing  midwater  trawling  Iccali- 
ties.  N  .nbet  iho  „t\  along  the  cruise  track  are  station  numbers.  Inset  shows  a  section  profile  of 

the  cruise  track. 


MATERIALS  AND  METHODS 

Twenty -two  DSL  stations  were  completed  at  14  localities  (Table  1).  Each  trawling  station 
(wot  locality)  was  assigned  a  Te  Vega  station  number.  Although  the  number  of  stations  was  lim¬ 
ited  by  the  regimen  of  the  ship  and  by  periods  of  unfavorable  weather,  an  attempt  was  made  to 
sample  different  geographic  regions  as  well  as  to  sample  the  DSL  and  layers  adjacent  to  it  around 
the  clock  (Fig.  2). 

No  complete  hydrographic  casts  were  made,  but  thermal  conditions  were  recorded  at  each 
trawling  station  (Fig.  3).  Surface  temperatures,  taken  by  bucket  thermometer,  showed  little 
variation  (25.5C  to  27.0°C).  Temperatures  below  the  surface  were  measured  with  c  900-foot 
bathythermograph  (GM  Mfg.  Co.  Thermarine  Recorder).  The  10°C  isotherm  was  recorded  at 
roughly  300  n  at  all  trawling  stations.  Between  the  surface  and  300  m,  thermal  conditions  were 
variable,  bu'  a  thermociine  was  always  present,  varying  in  slope  from  gradual  to  abi  .pt,  and  in 
depth  iron  30  to  120  m.  Incident  illumination,  recorded  on  deck  periodically  during  trawling 
and  monitoring  of  the  DSL,  was  measured  with  a  Norwood  Director  light  meter. 
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Table  1 .  Summary  of  Data  for  Individual  DSL  Hauls 


Station 

number 

Locality 

Detf 

(1964) 

Ship’s  time 
at  midpoint 
of  haul 

Depth  range 
fl*heu  roost 
effectively 
(m) 

Relation  of  effective  fishing 
range  tc  scattering  layers 

182 

3°23'S,  43°44'E 

eg 

1013 

550-750 

In  and  below  DSL  curtain 

183 

3°28'Sf46o10’E 

MS 

0926 

600-750 

In  and  below  DSL  curtain 

184 

3°22'S,51015'E 

MS 

0930 

800-1250 

Below  DSL  curtain 

185 

5°15'S,51°27'E 

11  Oct 

0940 

400-525 

In  main  DSL 

186 

3°15'S,61°28'E 

29  Oct 

1900 

140-240 

In  combined  layer 

187 

1°38'S,  66°28'E 

31  Oct 

1348 

175-215 

In  surface  curtain 

188 

1°38'S, 66°28'E 

31  Oct 

1513 

275-525 

In  main  DSL 

189 

1C07'S,  69C37'E 

1  Nov 

1829 

275-375 

In  combined  layer  curiam 
&  night  condensation 

190 

4°27'N,  74°15'E 

9  Nov 

2245 

265-500 

in  and  below  combined 
layer  curtain  and  night 
condensation 

191 

4°25'N,  74°57'E 

10  Nov 

0643 

250-400 

In  main  DSL 

192 

6°43'N,  78°47'E 

11  Nov 

1814 

70-80 

In  combined  layer 

193 

6°43'N,  78°47'E 

11  Nov 

1950 

450-600 

Below  combined  layer 
curtain  &  .light 
condensations 

194 

5°46'N,  81°13'E 

20  Nov 

0937 

300-390 

In  main  DSL 

195 

5°46'N,81°13'E 

20  Nov 

1108 

150-240 

In  surface  curtain  and  clear 
layei  above  main  DSL 

196 

5°06'N,  84°51'E 

21  Nov 

2026 

75-85 

In  combined  layer 

197 

5°06'N,  84°5l'E 

21  Nov 

2274 

75-P5 

h  combined  layer 

198 

5°44'N,  88°24'E 

23  Nov 

0327 

75-120 

In  combined  layer 

199 

5°44'N,  88°24'E 

23  Nov 

0535 

75-90 

In  surface  layer 

200 

6°00'N,  92°0)'E 

24  Nov 

1047 

80*85 

In  surface  layer 

201 

6°05'N,  92°06'E 

24  Nov 

1228 

2'»5-280 

In  intermediate  layer  and 
surface  curtain 

202 

e’O 5'N,  92°06'E 

24  Nov 

1358 

400-475 

In  main  DSL 

203 

6°05'N,  92°06'E 

24  Nov 

1537 

. _ i 

750-850 

_ 

Below  main  DSL  and  DSL 
curtain 
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Figure  2.  Distribution  of  mid  water  hauls  with  respect  to  time  of  day.  Black 
bars  represent  individual  hauls;  length  and  vertical  position  of  each  bar  indi¬ 
cate  the  depths  the  trawl  was  estimated  to  have  fished  most  effectively. 


Figure  3.  Composite  bathythermograph 
tracings;  the  perimeter  of  the  shaded  area 
encompasses  all  tracings  made  during  mid¬ 
water  trawling  stations.  Vertical  bar  from  30 
to  120  m  indicates  region  of  the  thermo- 
cline. 
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All  samples  of  organisms  reported  in  this  paper  were  taken  in  a  Tucker  trawl.  The  mouth  of 
the  net  was  10  by  10  feet,  framed  above  and  below  by  bars  of  3-mch  galvanized  iron  pipe  and 
along  each  side  by  a  braided  nylon  rope  that  connected  the  upper  and  lower  bars.  The  net  was 
26  feet  long,  tapered  evenly  from  mouth  to  cod  end,  and  consisted  of  four  sections  of  knotless 
nylon  netting  whose  mesh  sizes  decreased  from  mouth  to  cod  end  as  follows:  an  8-foot  section 
nearest  the  mouth  with  square  mesh  size  3/8  inch  (stretched  mesh  3/4  inch);  a  second  section 
9  feet  long  with  square  mesh  size  1/4  inch  (stretched  mesh  1/2  inch);  a  third  section  4  1/2  feet 
long  with  square  mesh  size  1/16  inch  (stretched  mesh  1/8  inch);  a  cod-end  section  4  1/2  feet 
long  of  1/16  inch  square  mesh  Ace  netting  (stretched  mesh  1/8  inch).  The  cod  end  terminated 
in  a  canvas  collar  into  which  fitted  a  stainless  steel  bucket  8  1/2  inches  in  diameter  and  10  inches 
deep.  The  upper  bar  of  the  mouth  frame  was  connected  by  a  bridle  and  swivel  to  a  tow  cable  of 
3/8-inch  wire  rope  that  passed  over  a  meter  block  suspended  from  an  A-frame  about  12  feet 
above  the  sea  surface. 

From  stations  182  to  185  inclusive  (between  Mombasa  and  the  Seychelles),  the  trawl  was 
used  as  described  above.  For  all  subsequent  stations,  the  trawl  was  modified  in  two  ways.  First, 
four  15-lb  bronze  homogeneous  depressors,  evenly  spaced,  were  attached  to  the  lower  bar  of 
the  mouth  frame  to  improve  diving  performance.  Second,  the  cod-end  section  was  lined  inside 
with  a  cone  of  nylon  gauze  20  meshes  per  inch.  This  lining  not  only  aided  in  retaining  organisms 
which  formerly  passed  through  the  1/1 6-inch  square  mesh  of  the  outer  net,  but  it  reduced  tur¬ 
bulence  in  the  cod-end  bucket  so  the  trapped  plankton  and  smaller  nekton  arrived  at  the  surface 
in  much  better  condition  than  they  had  before  the  net  was  modified. 

On  most  stations,  the  trawl  was  lowered  with  the  ship  running  slow  ahead  and  the  winch 
either  running  free  or  rapidly  powering  out  the  towing  wire  to  avoid  fishing  above  the  desired 
depths  as  much  as  possible.  On  some  occasions,  when  the  ship  was  driven  by  a  following  sea  and 
wind,  the  net  was  lowered  with  the  propeller  dead.  In  either  case,  following  braking  of  the 
winch,  the  trawl  was  towed  at  1  to  1 .5  knots  for  30  minutes,  then  recovered  with  the  engines 
either  stopped  or  on  slow  ahead.  We  assumed  that  the  trawl  continued  to  fish  to  some  extent 
during  recovery. 

The  depth  of  the  net  at  all  stages  of  a  haul  (Figs.  4  to  6)  was  estimated  by  calculations  based 
on  amount  of  wire  paid  out  and  the  wire  angle  as  measured  by  a  Scripps  inclinometer.  The  error 
introduced  by  the  catenary  of  the  wire  was  probably  greatest  during  the  period  when  the  wire 
was  being  paid  out  and  for  the  first  few  minutes  after  the  winch  was  braked.  (See  Backus  and 
Hersey,  1956,  and  Barham,  1957,  Figures  9  and  10,  for  analyses  of  similar  situations.)  Depth- 
time  recorders  on  board  were  all  malfunctional,  so  no  independent  check  on  the  accuracy  of 
depths  calculated  from  wire  angles  was  available.  However,  the  pull  exerted  by  the  large  trawl 
and  the  action  of  the  four  depressors  put  such  a  heavy  strain  on  the  towing  wire  that  we  have 
assumed  that  once  the  wire  angle  became  stabilized  after  braking  the  winch,  the  catenary  of  the 
towing  wire,  while  unknown,  was  not  enough  to  introduce  a  significant  error  into  our  depth 
calculations,  considering  the  relatively  short  lengths  of  wire  paid  out.  Times  required  for  stabil¬ 
ization  of  wire  angles  for  different  lengths  of  wire  out  are  shown  in  Figure  7.  For  hauls  at 
depths  to  1 50  m,  wire  angles  stabilized  within  2  to  5  min  after  the  winch  was  braked;  for  hauls 
at  depths  of  200  to  500  m,  wire  angles  usually  stabilized  within  10  min  after  the  winch  was 
braked.  During  some  hauls  (e.g.,  Stations  190  and  195),  and  with  ship’s  speed  maintained  the 
while,  wire  was  taken  in  after  the  wire  angle  was  stabilized;  the  strain  on  the  wire  increased  on 
such  occasions,  and  wire  angles  appear  to  reliably  indicate  net  depth.  Also,  the  calculated  path 
of  the  net  during  recovery,  with  the  ship  moving  ahead  at  1  to  1 .5  knots,  is  considered  to  be  re¬ 
liable  for  all  hauls.  The  curves  shown  in  Figures  4  to  6  represent  our  best  estimates  of  the  path 
of  the  trawl  for  each  haul.  At  a  few  stations,  which  were  made  in  rough  water  and  with  a 
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Figure  7.  Time  required  to  stabilize  the  wire 
angle  for  various  lengths  of  wire  paid  out 
(omitting  cases  in  which  the  wire  was  taken  in 
or  the  ship’s  speed  altered  before  the  wire 
angle  stabilized,  or  in  which  the  wire  angle 
never  stabilized) 


following  wind  and  sea  (e.g.,  stations  191, 198),  the  inclinometer  was  difficult  to  read  and  wire 
angles  did  not  stabilize  satisfactorily;  under  those  conditions,  adjustments  in  the  ship’s  speed 
were  made  during  the  haul  in  an  attempt  to  maintain  wire  angles  within  the  range  desired.  The 
calculated  depth  curves  for  these  stations  show  a  wavy  line,  which  appears  to  indicate  marked 
changes  in  the  depth  of  the  net  during  the  main  trawling  period;  actual  variation  in  net  depth  is 
probably  less  than  that  indicated. 

On  recovery,  after  the  bucket  was  retrieved  from  the  cod  end,  the  net  was  flushed  with  sea 
water  and  picked  over  for  organisms  caught  in  the  mesh;  organisms  recovered  in  this  fashion 
were  included  in  the  rest  of  the  catch.  The  catch  was  rough-sorted  and  preserved  immediately 
thereafter.  Members  of  the  scientific  party,  each  responsible  for  a  different  taxon,  made  tenta¬ 
tive  identifications  and  counts  of  each  species  taken  and  examined  gut  contents  of  selected 
specimens.  Those  responsible  for  particular  groups  were  Proctor  (siphonophores),  Fielding 
(chaetognaths),  Buchsbaum  (moiluaks),  Ogden  (amphipode),  McPhearson  (penaeids),  Taylor 
(carideans),  Jeanne  Christofferson  (euphausiids),  Jay  Christofferson  (mysida  and  stomatopod 
larvae).  Barber  (tunicates),  Stromborg,  Wourms,  and  Bradbury  (fishes).  After  the  expedition,  it 
was  possible  to  recheck  the  identifications  of  the  following  groups:  siphonophores,  mollusks, 
penaeids,  carideans,  mysids,  tunicates,  and  most  fishes. 

The  following  references  proved  the  most  useful.  Siphonophores:  Bigelow,  1911;  Totton, 
1954;Totton  and  Bargmann,  196S.  Molludcs:  Stubbing*,  1938;  Teach,  1946, 1948, 1949;Thore, 
1949.  EuphausUdr:  Einamoo,  1945;  Tattersall,  1939,  Mysids:  Sars,  1885;TattersaQ,  1939; 
Tattersall  and  Tattersall,  1951.  Stomatopods:  Townstey,  1953.  Penaeids:  Alcock,  1905;  Boone, 
1931;  Dana,  1852;  Hall,  1962;  Hansen,  1896;  Ramadan,  1938;  Wood-Mason  and  Alcock,  1891. 
Carideans:  Barnard,  1950;  Borradaile,  1916;  Caiman,  1939;  Chace,  Jr.,  1936;  DeMan,  1920; 
Kemp,  1939;  Holthuis,  1955.  Tunicates:  Thompson,  1948.  Fishes.  Bauchot-Boutin,  1953; 

Beebe  and  Crane,  1937;  Bertelsen,  1951;  Bertin,  1937;  Bolin,  1959;  Cohen,  1964;  D'Ancona, 
1928;  D’ Ancona  and  Cavinato,  1965;Fraaer*Bnmner,  1949;  Gibbs,  1964a,  1964b,  Grey, 

1960, 1964;  Lea,  1913;  Marshall,  1966;  Morrow,  1964a,  1964b;  Morrow  and  Gibbs,  1964; 

Parr,  1960;  Rofen,  1966a,  1966b;  Route  and  Bertin,  1929;  Schultz,  1961;  Walters,  1964.  We 
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were  assisted  in  the  identifications  by  a  number  of  specialists  (sec  Acknowledgments).  Some 
specimens  have  been  retained  by  the  specialists,  but  most  have  been  deposited  in  the  Smithson¬ 
ian  Oceanographic  Sorting  Center,  Washington,  D.C. 

Recordings  of  the  DSL  were  made  with  two  instruments.  The  most  generally  useful  was  a 
Simrad  Sonar,  Model  540-4  (Simonsen  Radio  A.S.,  Oslo),  powered  through  a  24-V  Constavolt 
battery  eliminator  model  6024.  Pulse  power  was  1,000  W  with  a  frequency  of  30  kHz.  The  in¬ 
strument  was  used  on  echo-location  (depth-sounding)  setting  and  was  set  to  record  echos  from 
the  upper  1 ,500  m.  Best  recordings  were  obtained  with  a  pulse  length  of  1 1  msec  (dial  setting  of 
3)  and  a  sensitivity  setting  between  6  and  10,  with  best  results  between  6  and  7.  Signal-to-noise 
ratio  was  unfavorable  while  underway  with  the  main  engine,  so  all  recordings  were  taken  with 
the  ship’s  propeller  stopped. 

Subsidiary  recordings  were  taken,  often  simultaneously  with  a  Simrad  Echo-Sounder  Type 
513  1.  Power  was  supplied  by  the  ship’s  generators,  raised  from  1 15  to  220  V  by  a  Simrad 
Transformer  Type  517-33.  Pulse  power  was  800  W,  with  z  frequency  of  1  kHz.  Best  recordings 
were  obtained  with  a  pulse  length  of  8  msec  (dial  setting  of  3)  and  a  sensitivity  setting  of  about 
6.  The  Simrad  Echo-Sounder,  when  used  to  record  only  the  acoustical  phenomena  in  the  upper¬ 
most  500  m,  provided  a  finer  resolution  of  the  upper  DSL  than  did  the  Simrad  Sonar,  but  it 
proved  the  iess  useful  instrument  for  our  purposes  for  two  reasons:  first,  slight  fluctuations  in 
the  strength  and  frequency  of  the  ship’s  generator  output  or  marked  fluctuations  in  power 
usage  aboard  caused  some  artificial  variations  in  recordings  of  the  DSL;  second,  at  several 
critical  depths,  a  bottom  echo  from  a  previous  pulse  was  recorded  on  the  tape  at  DSL  levels, 
obscuring  the  recorded  DSL. 

THE  PATTERN  OF  THE  DSL 

Data  on  the  sonic  scattering  layers  were  collected  as  follows. 

Echograms  were  taken  before  and  during  each  DSL  trawling  station  to  establish  the  position 
and  structure  of  the  sound  scattering  layers  . 

On  five  different  days,  28  October  to  2  November,  1 5  minutes  of  tracing*  were  made  at  3-hour 
intervals  to  assess  the  variability  of  the  scattering  pattern  at  specified  hours  of  the  day  and  night. 
During  each  period  of  recording,  water  and  air  temperature,  sea  conditions,  wind  force,  and 
incident  light  were  also  recorded. 

The  DSL  was  recorded  continuously  for  37  hours  from  the  evening  of  24  November  through 
the  early  morning  of  26  November  except  for  short  periods  when  the  tape  was  replenished. 
During  the  day,  incident  light  was  measured  at  i5-min  intervals. 

Isolated  recordings  of  the  DSL  were  made  on  a  variety  of  other  occasions. 

The  high  retd -out  rate  of  the  Simrsd  Sonar  (about  2  m  per  hour)  resulted  in  detailed  resolu¬ 
tion  of  scattering-Uyer  changes  per  unit  of  time,  which  allowed  careful  anaiyris  of  these  changes 
but  made  it  impractical  to  publish  photographs  of  complete  echograms  Therefore,  echograms 
were  converted  to  diagrams  (t.e.,  Figs.  4  to  6, 8,  and  9)  by  greatly  compressing  the  time  axis  of 
the  echogram  tape  and  reducing  the  various  light  and  dark  portions  of  the  scattering  recording 
to  two  or  three  categories  represented  respectively  by  light  lines,  medium  lines,  and  dark  stip¬ 
pling  on  the  diagrams.  Conversion  from  tape  recced  to  diagram  Involved  interpretation  and  sim¬ 
plification  but  war  done  with  consistency  and  care,  so  that  the  diagrams  reflect  fairly  accurately 
the  real  differences  in  layers  shown  on  the  echograms. 


Incident  light 
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Figure  9.  Diagrams  showing  variation  in  scattering  layer?  recorded  at  specific  hours  between 
28  October  and  2  November  between  die  Seychelles  and  Mal&ve  Islands.  Numbers  below 
columns  show  sonar  sensitivity  settings. 


General  Features  of  DSL  Pattens 

Although  echograms  taken  at  the  same  time  of  day  on  consecutive  days  usually  showed  vari¬ 
ation  in  thickness,  vertical  position,  and  number  of  bands,  there  were  features  that  occurred 
regularly,  or  at  least  very  frequently.  For  our  comparative  purposes  it  was  convenient  to  desig¬ 
nate  each  of  these  features  by  a  distinctive  term;  Figures  4  to  6  and  8  diow  bands  labeled  with 
the  terms  we  used.  Definition  of  the  terms  are  given  as  follows. 

Main  DSL.  A  layer  of  heavy  scattering  at  least  50  m  thick  (eg.,  Fig.  31  but  generally  thicker 
fe.g..  Fig.  S.Sta.  187, 188, 191,  etc.),  represented  on  echograms  by  a  dark  band,  which  during 
the  main  part  of  the  day  lay  with  its  top  about  300  to  350  m  below  the  surface.  Sometimes 
the  main  DSL  was  very  thick  a n*  subdivided  into  two  bands,  the  tower  band  centered  A  or 
below  500m(e,g..  Fig.  6,  Sta.  194  and  195;  Fig.  9  shows  that  this  split  in  the  main  DSL 
occurred  frequently  between  29  October  and  2  November). 

DSL  curtain.  A  region  of  lightly  recorded  scattering  that  appeared  on  echograms  es  a  fringe 
below  the  main  DSL.  The  width  of  this  band  varied  directly  with  the  sensitivity  setting  of  the 
sonar,  but  in  general,  the  DSL  curtain  was  not  detectable  more  than  200  m  below  the  bottom  of 
the  main  DSL,  tending  to  thicken  in  late  afternoon  because  its  lower  margin  did  not  ascend 
through  as  many  meters  as  did  the  main  DSL. 

Surface  layer.  A  layer  of  heavy  scattering  that  occupied  the  top  60  to  1 50  m  in  dsytkne.  We 
do  not  know  whether  the  surface  scattering  reacted  from  the  outgoing  signal  or  whether  there 
were  actually  sound  scatters  a  present  near  the  surface  whose  recording  mtiged  with  that  of  the 
outgoing  signal  on  the  echogram. 

Surface  curtain.  A  layer  of  lightly  recorded  scattering  extending  from  the  surface  layer  to  the 
main  DSL.  This  layer  often  Aowed  some  heavy  scattering  within  it  (see  Intermediate  Layer)  or 
deer  layers  from  which  no  scattering  was  recorded  (eg.,  Fig.  4,  Sta.  182;  Fig.  5,  Sta.  195;  Pig.  6, 
Sta.  200;  Fig.  8). 
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Intermediate  layer.  Any  daytime  layers  that  registered  as  relatively  heavy  scattering  within 
the  surface  curtain  (numerous  echograms  shown  in  Figs.  4  to  6). 

Combined  foyer.  A  nighttime  surface  layer  that  occupied  the  top  ISO  to  2S0  m  and  that 
appeared  on  echograms  to  represent  the  band  of  the  main  DSL  merged  with  the  surface  layer. 

Combined  layer  curtain.  A  layer  of  lightly  recorded  scattering  extending  as  a  fringe  below 
the  combined  layer.  The  combined  layer  curtain  was  continuous  with  the  DSL  curtain. 

Night  condensation.  Hne  or  more  layers  of  heavy  scattering  often  recorded  at  night  from 
below  the  combine#  layer  but  within  the  combined  layer  curtain.  These  night  condensations 
soniclin.es  persisted  throughout  the  night,  and  on  cloudy  days  they  sometimes  appeared  at 
sunset. 

The  only  bands  conyste.uly  present  on  echograms  were  the  main  DSL,  the  surface  layer,  and 
the  combined  layer,  and  the  main  DSL  showed  variation  in  width  and  vertical  position  at  any 
given  hour  from  day  to  day.  The  most  notable  feature  of  the  scattering  layers  was  the  350-m 
migration  of  the  main  DSL  downward  from  *He  surface  at  dawn  and  its  return  to  the  surface  at 
sunset.  Each  migration  was  completed  with'  ,  i  J  to  2  hours  and  was  recorded  on  the  sonar 
tape  as  a  solid  band  or  as  & .  ral  poorly  separated  bands  moving  gradually  up  or  down.  The 
main  DSL  remained  at  lower  depths  during  the  daylight  hours.  The  intermediate  layer  when 
present,  underwent  a  similar  migration  at  dawn  and  sunset.  It  is  likely  that  the  vertical  move¬ 
ments  of  scattering  layers  are  influenced  by  light  intensities  and  by  rates  of  change  of  light 
intensities,  as  Garkc  and  Backus  (1964)  were  able  to  show  for  scattering  layers  in  the  north 
Atlantic. 

Trie  combined  layer  persisted  throughout  the  night,  and  often,  between  2400  and  0300 
hours,  a  part  of  it  appeared  to  descend  SO  m,  where  it  remained  until  sunrise. 

Comparisons  With  Oiler  DSL  Studies 

The  generalized  equatorial  Indian  Ocean  DSL  pattern  is  similar  in  its  daytime  DSL  pattern  to 
patterns  recorded  in  the  equatorial  and  North  Pacific  (Dietz,  1948),  the  southeastern  Pacific 
(Hersey  and  Bacuus,  1962),  the  Mediterranean  (Frassetto  and  Delia  Croce,  1965)  and  the 
eastern  centr  Pacific  (Barham,  1966).  In  the  echograms  reproduced  in  these  publications,  the 
daytime  depth  of  the  center  of  th*  main  DSL  is  between  350  and  400  m,  which  is  approximately 
the  day  me  depth  of  the  main  DSL  in  rig.  8.  In  view  of  the  differences  in  latitude  and  light 
regime  between  all  these  areas,  the  similarity  of  daytime  depth  of  the  main  DSL  is  striking. 

However,  Hersey  and  Backus  (1962)  teport  that  in  the  North  Atlantic,  the  DSL  band  appears 
as  two  layers,  one  centered  at  250  m  and  the  other  at  500  m.  This  generalized  pattern  is  based 
on  the  examination  of  about  ISO  separate  recordings.  The  echogram  of  Moore  (1950,  his 
Fig.  la)  from  the  North  Atlantic  shows  a  very  similar  pattern,  with  an  intermediate  layer  at 
250  m  and  a  main  layer  between  500  and  600  m.  These  data  indicate  that  the  main  scattering 
kyer  is  consistently  about  100  m  dr-  -ter  In  the  North  Atlantic  than  it  is  in  the  equatorial 
Indian  Ocean,  but  In  both  oceans  there  is  usually  an  intermediate  layer  at  250  m.  The  DSL’s 
recorded  by  Dietz  (1948)  and  Barham  (1966)  in  the  Pacific  conspicuously  lack  the  intermediate 
layei  that  is  present  at  250  m  in  the  Indian  Ocean,  the  North  Atlantic,  and  the  Pacific  off  the 
coesi  of  Chile  (Hersey  and  Backus,  1962,  their  Fig.  6). 

Barham  (1966)  noted  that  an  echoprtm,  which  was  being  recorded  on  Scripps  Research 
Vetsel  T-441  as  it  accompanied  the  dhwg  saucer  Soucoupe  during  Dive  3  oft  Baja  California, 
showed  an  intermediate  iayeT  splitting  off  from  the  main  layer;  shortly  thereafter,  the  inter¬ 
mediate  layer  disappeared  from  the  echogram.  Barham,  who  was  in  the  diving  Kucer  while  the 
echcjram  was  being  recorded,  saw  scattering  organisms  in  what  corresponded  to  the  intermediate 
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layer  as  it  was  splitting  off  from  the  downward-migrating  main  layer  (his  Fig.  2).  About  45  min 
later,  he  saw  no  organisms  at  the  depth  where  the  intermediate  layer  would  have  been,  that  is, 
at  220  to  240  m. 

In  the  Indian  Ocean,  the  intermediate  layer  becomes  most  distinct  in  the  middle  of  the  day, 
from  0900  to  1300  hours.  Hersey  and  Backus  (1962,  their  Fig.  6)  show  a  heavy  intermediate 
layer  present  throughout  daylight  hours.  The  250-m  intermediate  layer  appears  to  be  a  most 
variable  component  of  the  scattering  layers. 

Continuous  37-Hour  Recording 

The  37-hour  length  of  fathometer  tape  is  diagramed  in  Figure  8,  in  which  the  time  axis  is  re¬ 
duced  to  about  .0032  that  of  urc  actual  tape  length.  The  figure  illustrates  hew  the  size,  number, 
and  vertical  position  of  individual  bands  varied  within  short  periods  of  time,  and  also  how  a 
change  of  one  unit  in  the  sensitivity  setting  of  the  sonar  could  introduce  bands  that  were  not 
previously  reco:ded.  Photographs  of  portions  of  the  37-hour  echogram  are  shown  in  Figures  10 
and  11. 

light -intensity  readings  taken  at  15-min  intervals  during  most  of  the  period  of  continuous 
sonar  recording  are  shown  below  the  echogram  in  Figure  8.  Note  that  with  the  first  daylight, 
the  main  DSL  began  its  migration  downward,  reaching  its  lowest  depth  at  the  time  of  greatest 
light  intensity.  As  the  light  intensity  dropped  in  the  late  afternoon,  the  main  DSL  approached 
the  surface. 

variation  in  Scattering  Layers 

Figure  9  illustrates  variation  in  scattering  layers  recorded  at  particular  times  of  day  on  dif¬ 
ferent  days  from  28  October  to  2  November.  During  each  15-min  DSL  observation,  records 
were  also  made  of  the  amount  of  incident  light,  the  barometric  pressure,  air  and  water  tempera¬ 
tures,  wave  height,  wind  force,  and  percent  of  cloud  cover.  The  variability  in  layering  that  was 
recorded  did  not  show  any  clear  correlation  with  variations  in  any  of  these  factors. 

The  amount  of  light  at  a  particular  time  of  day  did  not  appear  to  have  any  consistent  effect 
on  the  type  and  depth  of  the  scattering  layers  tliat  farmed.  For  example,  the  light  conditions 
at  0600  hours  were  similar  on  30  October,  1  November,  and  2  November  (Fig.  9);  incident  light 
in  foot-candles  (ft-c)  registered  300, 480,  and  600  ft-c,  respectively.  However,  the  pattern  for 
1  November  does  not  resemble  that  for  30  October  nearly  as  much  as  it  resembles  the  pattern 
for  31  October,  when  the  incident  tight  registered  2,700  ft-c  at  0600  hours,  or  approximately 
5.S  times  flat  measured  for  1  November.  At  0900  hours  on  29  October  and  31  October,  the 
incident  light  readings  were  similar  (9,000  and  7,800  ft-c,  respectively),  yet  the  echogram  for 
29  October  includes  an  intermediate  layer,  whereas  that  for  31  October  does  not.  The  main  DSL 
was  split  into  two  bands  at  1200  hours  on  30  October,  but  not  on  1  November,  although  the 
illumination  was  the  same  c  n  the  two  days.  Interpretation  of  these  findings  would  require 
knowledge  of  the  light  conditions  for  the  hour  or  two  immediately  preceding  each  observation, 
but  such  data  were  not  recorded. 

HORIZONTAL  DISTRIBUTION  OF  ANIMALS 

Horizontal  distributions  of  animals  taken  during  the  cruise  are  very  incomplete  because  only 
i4  localities  were  sampled  along  a  cruise  track  of  4,300  nautical  miles.  However,  our  data  show 
some  agreement  with  the  works  of  others.  For  example,  the  stomiatoid  fish  Dtpbphos  taenia 
is  known  only  from  the  western  Indian  Ocean  (Grey,  1960),  and  we  collected  this  form  at  three 
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Figure  10.  Photograph*  of  (elected  portioot  of  the  374iour  echogram.  e-e;  deacending  main 
DSL  on  25  November,  f;  main  DSL  et  daytime  depth  on  25  November.  Time*  coveted  by 
photograph*  ate  u  follow*:  a,  0521  through  0525;  b,  0528  through  0532;  c,  0535  through 
0539;  d.  0650  through  0654;  e,  0718  through  0722;  f,  1359  through  1403. 
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Figure  11.  Photograph*  of  eelected  portion!  of  the  37-hour  achogram.  a-c,  aacending  main 
DSL  on  23  November,  d-f;  combined  layer  on  23  and  26  November  (e  ihowe  a  night  coo  denta¬ 
tion).  Time!  covered  by  photograph*  are  ai  follow:  a,  1614  through  1618;  b,  1644  through 
1648;  c,  1639  through  1703,  d,  1801  through  1805;  e,  2214  through  2218;  f,  0229  through 
0233. 
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localities  west  of  the  Maidive  Islands  but  never  east  of  them  (Fig.  1).  The  myctophid  fishes 
Benthosema  suborbitale  and  Centrobranchus  nlgro-ocellatus  are  apparently  restricted  in  the 
Indian  Ocean  to  latitudes  south  of  the  equator,  while  Benthosema  fibulatum  has  a  northerly 
distribution  in  the  Indian  Ocean  (Nafpaktitis  and  Nafpakdtis,  1969),  and  our  data  agree  with 
these  findings.  Gibbs  and  Hurwitz  (1967)  have  reaffirmed  that  two  species  of  Chauliodus  occur  in 
the  Indian  Ocean,  Chauliodus  pammelas  to  the  north  in  the  Arabian  Sea  and  Bay  of  Bengal  and 
extending  just  south  of  Ceylon,  and  Chauliodus  sloani  in  more  southerly  portions  of  the  Indian 
Ocean,  its  horizontal  range  overlapping  that  of  Chauliodus  pammelas  somewhat.  Thus,  during 
the  southerly  leg  of  our  cruise  (southwest  of  the  Maidive  Idands),  we  took  only  Chauliodus 
sloani ,  as  might  be  expected,  and  we  took  Chauliodus  pammelas  on  the  northern  leg. 

The  literature  concerning  the  horizontal  distributions  of  midwater  animals  in  the  Indian 
Ocean  suggested  we  would  find  a  faunal  break  between  the  locality  of  Sta.  189  and  that  of  Sta. 
190  (Fig.  1).  Because  our  cruise  track  extended  in  a  direction  from  southwest  to  northeast,  the 
geographical  difference  between  Sta.  189  and  Sta.  190  would  reflect  simultaneously  both  a 
north-south  faunal  break  and  an  east-west  faunal  break.  Sampling  regimes  from  the  two  sections 
of  the  cruise  were  only  roughly  comparable,  as  follows. 

Southwest  Cruise  track,  seven  Northwest  Cruise  track,  seven 

localities  (Sta.  182-189)  localities  (Sta.  190-203) 

5  localities  for  5  deepwater  3  localities  for  4  deepwater 

daytime  hauls  daytime  hauls 

2  localities  for  2  shallow  3  localities  for  4  shallow 

nighttime  hauls  nighttime  hauls 

( I  shallow  daytime  haul  was  1  locality  for  a  deepwater 

also  made  at  one  of  the  nighttime  haul 

above  localities)  (4 1 hallow  daytime  hauls  and 

1  additional  deepwater 
nighttime  haul  were  also  made 
at  the  above  localities) 

Of  the  161  species  of  invertebrates  and  Ashes  eventually  identified  (Table  2),  only  73  were 
taken  in  both  the  southwestern  and  northeastern  equatorial  Indian  Ocean;  these  forms  include 
1 1  siphonophores,  7  pteropods,  2  heteropods,  2  mysids,  7  euphausiids,  8  decapod  crustaceans, 

7  tunicate*,  and  29  fishes.  There  were  52  species  collected  only  in  the  southwestern  equatorial 
Indian  Ocean  (Sta.  182-189),  including  2  siphonophores,  4  pteropods,  5  heteropods,  4  ceph¬ 
alopoda,  6  decapod  crustaceans,  and  3 1  fishes.  There  were  36  species  collected  only  in  the 
northeastern  equatorial  Indian  Ocean  (Sta.  190-203),  including  3  siphonophores,  3  pteropods, 

3  heteropods,  1  cephalopod,  1  my  rid,  5  decapod  crustaceans,  1  tunicate,  and  19  fishes. 

Examples  of  fishes  we  collected  in  both  the  southwestern  and  northeastern  equatorial  Indian 
Ocean  that  were  already  known  to  have  distributions  that  broadly  span  the  entire  equatorial 
Indian  Ocean  are  Denaphos  oculatus  (Gray,  1960)  Vlndgutrria  nlmberia  and  ValencltnneUus 
nipunctulatus  (Gray,  1964),  Qmdiodus  sloani  (Morrow,  1964b),  Stomias  affbds  and  Stomkn 
nebulosus  (Morrow,  1964c),  Argyropdeaa  fychmts  (Schultz,  1961)  and  some  of  the  lantern 
fishes,  for  example,  Notofychma  vddhHaa,  Diaphus  elucem,  Diktats  httkerd,  Diaphus  splendidus. 


Table  2.  Species  with  Numbers  of  Individuals  Taken  at  Each  Station 
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Table  2.  Species  with  Numbers  of  Individuals  Taken  at  Each  Station  (Continued) 
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Table  2.  Species  with  Numbers  of  Individuals  Taken  at  Each  Station  (Continued) 


INDIAN  OCEAN  DSL  FAUNA 


T 2.  Specks  with  Number*  of  individual!  Taken  at  Each  Station  (Continued) 


Table  2.  Speck*  wiifa  Numbers  of  individual!  Taken  at  Each  Station  (Continued) 


Table  2.  Species  with  Numbers  of  Individuals  Taken  at  Each  Station  (Continued) 


Table  2.  Species  with  Numbers  of  Individuals  Taken  at  Each  Station  (Continued) 


434 


BRADBURY  ET  AL 


35 


436 


BRADBURY  ET  AL. 


Lampanyctus  niger,  Lampanyctus  macropterus,  Lepidophanes  py nobolus,*  Hygophum  prox- 
imum,1  and  Diogenichthys  panurgus  (Bolin,  1959;  Fraser-Brunncr,  1949).  On  the  other  hand,  we 
took  Stemoptyx  diaphana  (Schultz,  1961)  only  once  and  Ceratoscopelus  warmingi  (Bolin, 

1959;  Nafpaktitis  and  Nafpaktitis,  1969)  only  a  few  times  in  the  northeast  equatorial  Indian 
Ocean.  Since  neither  species  is  uncommon  and  both  are  circumglobal  in  distribution,  it  ap¬ 
pears  that  our  results  do  not  reflect  the  actual  distributions  of  all  midwater  fish  species;  pre¬ 
sumably  the  same  may  be  said  of  invertebrates. 

In  some  cases,  our  horizontal  distribution  data  may  be  explained  by  the  differential  depths  of 
hauls.  For  example,  the  four  members  of  the  genus  Cyclothone  taken  by  us  certainly  occur  at 
more  localities  than  indicated  by  Table  2.  Known  depth  distributions  for  the  four  species  indi¬ 
cate  that  Cyclothone  alba  is  the  shallowest  of  the  four  in  vertical  distribution  followed  by  C. 
pseudopallida,  then  by  C.  acclinidens,  with  the  deepest  being  C.  pallida  (personal  communica¬ 
tion,  B.  N.  K obayashi).  Thus,  nets  that  did  not  fish  deeper  than  250  to  300  m  during  the  day¬ 
time  did  not  catch  Cyclothone  alba,  and  nets  generally  had  to  reach  about  400-m  depths  to  catch 
the  other  three  species.  Although  diel  migrations  are  described  for  the  genus  Cyclothone  (Grey, 
1964),  the  four  species  we  encountered  were  never  taken  in  the  upper  200  m,  either  day  or  night. 

Lack  of  nighttime  collections  in  the  southwestern  Indian  Ocean  (Fig.  2)  probably  accounts 
for  the  absence  from  hauls  182  to  189  of  such  a  common  lantemfish  as  Ceratoscopelus  warm- 
ingi.  The  large  proportion  of  deep  daytime  hauls  in  that  area,  however,  probably  accounts  for 
our  having  netted  more  organisms  with  deep  daytime  distributions  from  the  southwe.  cm  equa¬ 
torial  Indian  Ocean  than  from  the  northeastern  portion. 

VERTICAL  DISTRIBUTION,  MIGRATION,  AND  RELATIONSHIP  OF 
ANIMALS  TO  1HE  DSL6 

Because  neither  closing  nets  nor  depth  recorders  were  employed  in  the  sampling  program  dur¬ 
ing  the  cruise,  results  of  analyses  for  vertical  distributions  are  fairly  crude  estimates.  Neverthe¬ 
less,  our  methods  did  show  diel  changes  in  vertical  distributions  of  some  species  that  suggest 
relationship  with  the  main  DSL. 

To  make  analyses  of  vertical  distributions,  a  basic  diagram  was  drawn  up  that  showed  a  gen¬ 
eralized  main  DSL  and  combined  layer  such  as  reproduced  in  Figures  12  to  16,  with  a  vertical 
scale  in  meters  that  relates  to  the  scattering  pattern.  For  the  sake  of  simplicity,  aE  other  scatter¬ 
ing  features  are  omitted.  The  effective  fishing  range  for  each  haul  (vertical  stippled  bars)  was 
superimposed  on  the  scattering  pattern,  but  the  top  and/or  bottom  of  each  bar  was  adjusted  to 
the  generalized  DSL  pattern  rather  than  to  the  depth  scale,  as  follows.  For  hauls  taken  below  the 
main  DSL  or  combined  layer  (Sta.  182, 183, 184, 189, 190, 193, 203),  the  effective  fishing  range 
waa  adjusted  upward  or  downward  so  that  for  each  haul  the  distance  between  the  top  of  the  ef¬ 
fective  fishing  range  and  the  bottom  of  the  main  DSL  or  combined  layer  was  the  same  as  pra- 
valled  «t  die  time  die  haul  was  actually  taken.  (See  Table  1  or  Fig.  2  for  actual  effective  fishing 
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ranges.)  For  hauls  taken  in  the  main  DSL  (Sta.  185, 188, 191,  ,94,  20/) .  the  effective  fishing 
range  was  adjusted  so  that  the  top  and  bottom  of  the  fishing  range  bore  the  same  relationship  to 
the  top  and  bottom  of  the  main  DSL  as  actually  prevailed  at  ne  time  the  haul  was  taken.  For 
hauls  taken  between  the  bottom  of  the  surface  layer  and  the  top  of  the  main  DSL  (Sta.  187, 

195, 201),  the  top  and  bottom  of  the  effective  fishing  range  were  adjusted  to  conform  to  the  ac¬ 
tual  distances  from  the  bottom  of  the  surface  layer  and  the  top  of  the  main  DSL,  respectively, 
that  prevailed  at  the  time  the  hauls  were  made.  For  hauls  taken  in  the  daytime  surface  layer  or 
nighttime  combined  layer  (Sta.  192, 196, 197, 198, 199, 200),  the  bottom  of  the  effective  fish¬ 
ing  range  was  adjusted  to  be  the  same  distance  above  the  bottom  of  the  surface  layer  or  com¬ 
bined  layer  as  actually  prevailed  when  the  haul  was  made.  Haul  186  required  considerable 
adjustment  to  fit  the  generalized  scattering  diagram;  it  was  clearly  made  in  the  combined  layer 
(Fig.  4),  but  the  combined  layer  extended  downward  unusually  far  that  day  (23  November). 

For  the  purposes  of  the  generalized  diagram,  the  effective  fishing  range  was  adjusted  upward  so 
its  lower  limit  coincided  with  the  bottom  of  the  combined  layer  on  the  diagram. 

With  the  diagram  prepared  as  described  above,  a  graph  was  prepared  for  every  species,  show¬ 
ing  the  number  of  specimens  for  every  haul  in  which  the  species  was  taken.  The  results  of 
graphing  were  best  for  species  that  were  taken  nt  one  half  or  more  of  the  localities  and  in  rela¬ 
tively  large  numbers  and  suggested  the  following  distribution  patterns  relative  to  the  main  DSL. 

1 .  Species  taken  primarily  at  main  DSL  depths  ar  d  below  in  the  daytime,  and  in  the  com¬ 
bined  layer  at  night. 

2.  Species  taken  primarily  below  the  main  DSL  in  daytime,  and  in  the  combined  layer  at 
night. 

3.  Species  taken  primarily  ?t  main  DSL  depths  and  below  both  day  and  night. 

4.  Species  taken  from  below  the  main  DSL  in  daytime  and  below  the  combined  layer  at 
night. 

5.  Species  taken  primarily  above  200  m  day  and  nigh*. 

6.  Species  taken  primarily  above  500  m  dey  and  night. 

Species  taken  prtnuurfl]  at  main  DSL  depths  and  bdow  in  the  daytime,  and  in  the  combined 
layer  at  night.  Figure  1 2a  shows  three  species  that  were  taken  in  large  numbers  during  the 
cxviar,  Abfyopsis  tetmgona  (a  rphonophort),  Cymbulte  sp.  (a  pteropod),  and  Thymnopoda  sp. 

(a  euphauaiid).  There  is  a  dramatic  difference  between  the  number  of  these  organisms  taken 
from  the  combined  layer  at  n^gt.t  and  thoee  taken  in  the  surface  layer  in  daytime,  with  many 
fewer  taken  in  the  surface  layer  in  daytime.  The  largest  numbers  in  the  daytime  catches  were 
from  the  main  DSL,  although  all  three  spedes  were  taken  in  hauls  below  the  main  DSL.  No 
hauls  were  made  below  500  m  at  night,  so  we  have  no  information  about  the  distrftution  of 
these  forms  below  500  m  at  night,  but  our  data  suggest  that  these  three  species  have  wide  bathy¬ 
metric  ranges  in  daytime,  from  300  m  to  about  1000  m,  with  their  centers  of  distribution  in  the 
main  DSL  (except  for  Cymbulk  sp.,  a  total  of  90  once  being  taken  in  a  haul  that  fished  above 
the  main  DSL).  At  night,  their  distribution  is  heavily  centered  above  100  m.  The  pattern  indi¬ 
cates  that  these  animals  migrate  toward  the  surface  at  night  and  return  to  depths  during  the  day¬ 
time;  they  may  be  among  the  organisms  chiefly  responsible  for  sound  scattering  at  main  DSL  and 
DSL  curtain  depths. 

Although  taken  in  fewer  numbers,  three  additional  species  show  a  riralar  distribution  pattern; 
these  three  are  Nermtobrwchion  sp.  (a  euphaudid),  Vlnciguerrk  nimimit  (a  stomiatoid  fish),  and 
Notoiychnus  valdMae  (a  myctophid  fish),  Figure  1 2b.  Of  these,  none  were  taken  from  layers 
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above  the  main  DSL  in  daytime,  although  all  were  taken  above  100  m  at  night.  None«how  spe¬ 
cial  affinity  for  the  main  DSL,  although  all  were  taken  in  it  in  at  least  three  of  the  five  hauls 
made  in  the  main  DSL. 

It  is  possible  that  at  least  some  of  the  fishes  can  avoid  slowly  » loving  ne's  in  lighted  shallower 
waters  in  daytime.  Pearcy  and  Laurs  (1966)  have  analyzed  vertical  distributions  of  four  domi¬ 
nant  mesopelagic  fish  species  in  the  eastern  Pacific  off  Oregon.  They  found  tha.  the  largest 
catches  in  daytime  were  made  Ln  the  150  to  500  m  (intermediate)  range,  but  at  night  the  largest 
catches  were  made  in  the  0  to  150  m  (surface)  range.  However,  they  found  that  the  increase 
from  day  to  night  in  fishes  per  unit  volume  in  the  surface  range  was  always  greater  than  the  in¬ 
crease  from  night  to  day  in  the  intermediate  range.  In  other  words,  if  migrations  were  really 
taking  place  and  fishes  were  retiring  to  the  intermediate  range  in  daytime,  one  might  expect  that 
the  numbers  of  fishes  captured  in  the  intermediate  range  in  daytime  would  represent  about  the 
same  increase  over  nighttime  captures  in  the  intermediate  range  as  occurs  in  reverse  at  the  sur¬ 
face,  where  the  numbers  of  fishes  captured  in  the  surface  range  at  night  were  greater  than  in 
daytime;  in  fact,  results  showed  that  fewer  fishes  were  taken  in  the  intermediate  range  in  day¬ 
time  than  could  probably  be  accounted  for  by  the  migration  hypothesis.  Pearcy  and  Laurs 
(1966)  reasoned  that  the  difference  might  result  from  net  avoidance  by  fishes  in  the  upper  500  m 
in  daytime,  and  they  estimated  that  diel  differences  in  catches  probably  were  in  part  the  effect 
of  net  avoidance  for  three  of  the  four  species  with  which  they  worked.  Their  chief  criterion  for 
showing  vertical  migration,  therefore,  would  be  the  diel  differences  in  catches  in  the  intermediate 
range  while  allowing  for  net  avoidance  rather  than  diel  differences  in  the  surface  range.  Our  data 
for  Vinciguerria  nimbaria  and  Notolychrm  valdMae  are  meager  and  our  localities  were  widely 
separated,  but  the  two  species  of  fishes  were  taken  in  larger  numbers  below  250  m  in  daytime 
than  they  were  from  below  250  m  at  night  (Fig.  12b),  suggesting  they  do  in  fact  disappear  from 
below  250  m  at  night  by  migrating  up.  The  increase  from  day  to  night  of  numbers  taken  in  the 
upper  250  m  is  so  much  greater  than  is  the  increase  from  night  to  day  below  250  m  that  net 
avoidance  may  be  involved. 

During  Cruise  6  of  the  R/V  Anton  Brunn  in  the  Indian  Ocean,  collections  of  Nototychmu 
valdMae  at  stations  closest  to  the  equator  (Sta.  333B,  337A,  and  342A)  show  that  the  species 
was  present  in  hauls  made  from  the  surface  to  250  to  400  m  at  night  but  not  in  deeper  hauls 
made  at  the  same  localities  on  the  same  nights  (Nafpaktitis  and  Nafpaktltis,  1969),  showing 
some  agreement  with  our  data.  Both  Vindguerria  nimbaria  and  Notofychnut  valdMae  have  been 
previously  thought  to  make  diel  vertical  migrations  (Marshall,  1960).  In  fact,  like  many  other 
myctophius,  Notolychnus  valdMae  nil  been  taken  at  the  very  surface  at  night  by  dip-netting 
(Beebe  and  Vender  Pyl,  1944).  However,  Vinciguerria  nimbaria,  although  frequently  taken  in 
the  upper  several  hundred  meters  at  night,  is  not  taken  at  the  very  surface;  moreover,  smaller 
specimens,  not  adults,  am  generally  recorded  as  being  taken  in  upper  layers  at  night  (Marshall, 
1960,  p.  88),  a  generalization  that  is  made  for  numerous  stomiatokls  (Marrow,  1964a).  Thus,  it 
will  probably  eventually  be  necessary  to  define  vertical  migration  patterns  for  young  stages  sep¬ 
arately  from  those  for  adults,  as  has  been  the  case  for  some  pelagic  crustaceans  such  as  Euphautk 
paciflca  in  Monterey  Bay,  California  (Barham,  1957).  Both  Vinciguerria  nimbaria  and  Noto- 
tychma  valdMae  have  gas-filled  swtmb ladders  that  would  serve  as  scattering  targets  (Marshall, 
1960),  so  both  species  may  be  implicated  as  contributing  to  scattering  in  the  main  DSL. 

Additionally,  although  they  were  not  taken  frequently  or  in  large  numbers,  there  were  one 
pteropod,  two  crustaceans,  and  four  fishes  with  vertical  distrfcution  patterns  that  suggested  that 
they,  too,  normally  inhabit  depths  in  or  below  the  main  DSL  in  daytime  and  migrate  upwards  at 
night.  These  are  Euciio  pyramided  (a  pteropod),  Nematoectllt  sp.  (a  euphauattd),  Opbpbona 
gracilirostrti  (a  caridean),  Diaphu  mollit  and  Benthoearm  fibulatum  (myctopfaid  fbhes),  and 
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Chauliodus  pammelas  and  Chauliodus  sloani  (stomiatoid  fishes)  (Table  2).  We  captured  the 
pteropod  Euclio  pyramidata  only  in  the  western  Indian  Ocean,  where  it  occurred  in  all  three 
hauls  below  the  main  DSL  in  morning  (182  to  184)  and  in  the  main  DSL  in  afternoon  (188); 
because  no  hauls  were  made  in  the  upper  100  m  at  night  in  the  western  Indian  Ocean,  it  is  im¬ 
possible  to  tell  whether  this  form  occurs  there  at  night,  but  its  presence  in  hauls  186  (above 
240  m)  and  189  (above  375  m)  just  after  dark  suggests  that  it  moves  near  the  surface  at  night. 

We  took  1 1  specimens  of  Benthosema  fibidatum,  but  as  its  range  is  restricted  to  the  northern 
Indian  Ocean  north  of  about  4°N  (Nafpaktitis  and  Nafpakti'ds,  1969),  we  may  say  that  we  cap¬ 
tured  it  at  3  out  of  a  possible  7  localities,  once  in  the  main  DSL  in  daytime  &;d  twice  in  the 
upper  100  m  at  night.  Similarly,  Chauliodus  pammelas  has  a  northerly  distribution  (Gibbs  and 
Hurwitz,  1967)  and  was  taken  by  us  at  3  out  of  a  possible  7  localities;  of  a  total  of  10  speci¬ 
mens,7  5  were  taken  in  the  main  DSL,  2  in  the  upper  100  m  at  night,  and  3  below  500  m  at 
night.  Species  of  Chauliodus  are  all  thought  to  perform  extensive  diet  vertical  migrations,  with 
the  distributions  of  adults  centered  at  greater  depths  than  those  of  juveniles  (Morrow,  1964b). 
They  do  not  have  swimbladders  (Marshall,  1960),  and  it  is  doubtful  that  they  are  sound¬ 
scattering  targets.  Data  for  Diaphus  mollis  shows  that  the  form  was  taken  at  7  localities,  13 
specimens  from  3  hauls  in  and  below  the  main  DSL,  15  specimens  from  3  hauls  above  240  m  at 
night,  and  1  specimen  in  a  haul  below  450  m  at  nirht,  indicating  that  it  is  a  vertical  migrator. 
Unfortunately,  we  did  not  check  the  swimbl adder  of  this  form,  but  it  has  apparently  never  been 
recorded  as  lacking  a  swimbladder  and  may  be  hypothesized  as  contributing  to  sound  scattering. 

Specks  taken  primarily  below  die  main  DSL  in  daytime  and  in  the  combined  layer  at  night.  Ver¬ 
tical  distributions  for  the  following  species  are  shown  in  Figure  13a  and  b:  Stylocheiron  sp.  L 
(a  euphausiid),  Sergestes  robustus  (a  penaeid),  Thalassocaris  lucida  (a  caridean),  and  the  fishes 
Diogenichthys  panurgus,  Diaphus  rtgani,  and  Diaphus  lutkeni  (all  myctophids).  These  species 
almost  never  occurred  it.  hauls  through  the  main  DSL  save  for  haul  191 ,  which  was  made  shortly 
after  sunrise  while  the  main  DSL  was  descending.  Thus,  while  these  spedes  probably  are  mi¬ 
grators,  they  probably  are  not  constituents  of  the  main  DSL.  All  six  species  were  taken  in  largest 
numbers  at  night  in  the  combined  layer.  The  cn.staceana  were  all  taken  in  larger  numbers  be¬ 
tween  265  and  600  m  at  night  than  they  were  in  daytime,  suggesting  that  either  they  avoid  the 
net  at  these  intermediate  depths  in  daytime,  or  their  daytime  center  of  distribution  is  below 
these  intermediate  depths  in  daytime.  Data  for  the  fishes  are  equivocal,  as  samples  are  few  and 
small. 

The  vertical  distributions  of  three  other  species  resemble  the  above  distributions.  These 
specks  are  Parapandahu  xuntnmni  (a  caridean),  Stomko  nebuiosus  (a  stomiatoid  fish),  and 
Lampmyctus  nobSis  (a  myctophid  fish)  (Table  2).  Stomku  nebuiosus  was  taken  once  above 
240  m  (haul  186)  and  once  above  375  m  (haul  189)  at  oigit  but  not  in  the  upper  100  m  at  night, 
a  finding  that  agrees  with  the  known  distribution,  for,  although  small  specimens  of  other  specks 
of  Stomias  frequently  have  been  taken  in  wrface  waters  at  night,  Stomias  nebuiosus  hr*  not 
(Marshall,  1960).  The  spedes,  like  others  of  its  family,  lacks  a  swimbladder,  so  perhaps  may  be 
discounted  as  a  sound-scattering  target 
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Spedes  taken  primarily  at  main  DSL  depths  and  below  both  night  and  day.  The  vertical  distri¬ 
butions  of  two  stomiatoid  fishes  that  were  nearly  always  taken  below  275  m,  day  and  night,  are 
shown  in  Figure  14a.  Of  the  two,  Cyclothone  alba  had  the  greater  depth  range,  occurring  in  all 
hauls  in  which  the  net  fished  below  300  m  except  haul  189.  Species  of  Cyclothone  have  been 
known  to  undergo  vertical  migrations,  but  Grey  (1964,  p.  187)  writes,  “The  vertical  distribution 
of  these  fishes  is  complicated,  as  some  undergo  daily  vertical  migrations  during  at  least  part  of 
their  lives,  they  inhabit  shallower  depths  in  cold  seas  than  in  tropical  and  temperate  waters,  and 
older  specimens  live  in  deeper  water.”  Our  data  do  not  show  a  pattern  of  miration.  Depth  distri¬ 
butions  of  species  of  Cyclothone  are  known  to  be  stratified  ir,  some  localities  (Grey,  1964;  B.  N. 
Kobayashi,  personal  communication),  with  the  pale-colored  C.  alba  having  a  shallow  distribution; 
of  the  species  nf  Cyclothone  we  captured,  C.  alba  had  the  shallowest  range  and  was  the  only 
species  of  Cyclothone  to  occur  in  the  main  DSL.  Swimbladders  are  present  in  adults  of  Cyclo¬ 
thone,  although  regressed  in  size  from  the  premetamorphosis  size  (Marshall,  1960).  Because  so 
many  specimens  of  Cyclothone  alba  were  t2ken  during  Cruise  5  at  depths  from  which  no  sound 
scattering  was  recorded,  it  is  doubtful  that  this  form  contributes  to  strong  sound  scattering  in 
the  main  DSL  even  though  a  substantial  portion  of  the  population  occurs  there  in  daytime. 

Members  of  the  stomiatoid  genu s  Argyropelecus  have  been  called  partial  migrators  by 
Marshall  (1960,  p.  88),  meaning  that  nighttime  populations  are  centered  higher  than  daytime 
populations,  but  the  nighttime  distribution  does  not  reach  much  above  150  m.  Our  data  for 
Argyropelecus  iychnus  sladeni  agree  with  those  observations.  However,  although  previous  records 
indicate  that  the  species  has  been  taken  below  600  m  in  the  Indian  Ocean  (Schultz,  1961),  none 
of  our  specimens  were  taken  below  that  depth.  In  fact,  of  a  total  of  23  specimens  belonging  to 
at  least  three  species  of  Argyropelecus  (Table  2),  2 1  were  taken  in  the  main  DSL.  All  of  the  13 
taken  at  night  were  captured  between  150  and  600  m  These  forms  have  gas-filled  swimbladders 
(Marshall,  1960)  and  are  probably  sound  scatteren. 

Like  Argyropelecus  two  other  itomiatoids,  Valencknnellus  trpunctuktus  and  Ichthyococcus 
ovatus,  and  the  myctophid  Diaphus  kendalU  were  taken  only  in  the  main  DS.  n  daytime,  al¬ 
though  the  data  for  tnvse  forms  art  extremely  meagre  (Table  2).  Diaphus  kendalti  may  be  one 
of  the  exceptions  to  the  generalization  that  most  myctophids  make  extensive  vertical  migrations 
to  the  surface  at  night,  for  we  never  took  this  form  In  the  hauls  In  shallow  depths  at  night  in 
which  myctophids  were  normally  relatively  numerous. 

Species  taken  frees  below  the  noun  DSL  in  daytime  and  bdow  the  combined  layer  at  n&L  In 
general,  haul?  at  depths  below  scattering  features  were  not  as  productive  as  hauls  In  shallower 
depths,  so  that  distribution  ptttems  of  the  animals  there  are  not  so  essay  discemWe.  Six  spedes 
were  taken  by  us  in  sufficient  numbers  to  suggest  patterns;  ihese  were  Htmipenaeus  croupes 
and  Aristeus  sp.  (penarids),  Lempmyctus  niger  (a  myctophid  ffch),  and  Cydothom  pallida.  C 
pmidopailtda,  and  C  acc  tinkle  ns  (stomiatoid  Sahas).  Vertical  distributions  for  the  two  peaaetda 
(Fig.  1 4b)  show  their  daytime  distributions  to  be  well  below  the  mate  DSL  Nighttime  hauls 
show  thaw  forms  present  from  below  100  m  to  500  or  600  m.  suggesting  that  they  migrate  up  at 
night  but  stop  short  of  the  upper  100  m.  Previous  authors  hive  mgeeted  that  vertical  migrators 
that  cease  their  upward  migration  below  the  surface  mixed  layer  am  stopped  by  the  tbennodine 
(Marshall,  1960),  s  poaihk  explanation  for  our  data,  because  the  legion  of  the  thermodine  dur¬ 
ing  Cr’rie  5  was  30  to  1 20  m  (Fig.  3).  The  myctophid  Lompmyetus  niger  may  fafi  into  this 
category  (Table  2),  as  mey  the  migrators  mentioned  previously  as  not  having  occurred  in  the 
upper  100  m,  such  as  Stomlas  nebdoua,  Argyroptkaa  spp.,  Diaphus  kertddU,  tic. 

Three  ipeoet  of  Cydothom.  C  pallida,  C  pamdopahtdu,  and  C  todhukhm  (Table  2),  were 
regularly  taken  below  the  main  DSL  in  daytime  except  for  C  paBidt  which  was  once  takas  in 
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tho  main  DSL  (haul  194).  Their  absence  from  depths  above  600  m  at  night  indicates  that  none 
of  them  make  extensive  vertical  migrations  in  this  range  (it  is  possible,  of  course,  that  they  per¬ 
form  migrations  below  these  depths). 

Species  taken  primarily  above  200  m  day  and  night.  The  vertical  distributions  for  two  crusta¬ 
ceans  whose  center  of  distribution  was  in  surface  layers  day  and  night  are  shown  in  Figure  15; 
these  arc  Stylocheiron  sp.  s  (a  euphausiid)  and  Leucifer  acestra  (a  penaeid).  Both  were  taken  in 
the  main  DSL  and  below  in  daytime,  but  generally  not  in  numbers  as  great  as  were  taken  nearer 
the  surface.  Heteropods  of  the  genus  Atlanta  (our  collections  probably  consisted  of  more  than 
one  species)  had  similar  concentrations  near  the  surface  (data  for  Atlanta  given  in  Table  2); 
their  vertical  distribution  varied  somewhat  from  those  of  the  crustaceans  in  that  they  were  ab¬ 
sent  (with  one  exception)  from  depths  below  the  main  DSL.  The  distributions  for  the  crusta¬ 
ceans  and  heteropods  indicate  that  they  may  be  involved  as  agents  of  sound  scattering  at  the 
surface  and  daytime  intermediate  layers  but  that  they  are  probably  not  involved  in  the  did 
changes  in  the  main  DSL. 

Species  taken  primarily  above  500  sn  day  and  night.  A  pteropod  and  a  number  of  siphonophores 
and  tunicates  were  widely  distributed  throughout  the  upper  500  m  day  and  night;  none  appeared 
to  have  any  affinity  for  die  main  DSL,  although  they  sometimes  were  captured  in  hauls  through 
it.  The  siphonophore  Dfphyes  dispar  did  not  appear  in  hauls  below  about  150  m  at  night  (Figure 
16a).  This  fact  suggested  that  it  congregates  near  the  surface  at  night.  Another  siphonophore, 
Diphyes  bojani,  and  the  tunicate  Q’dosdpa  virgula  may  have  a  similar  distribution  pattern 
(Figure  16a),  but  we  took  them  in  fewer  hauls  and  the  picture  for  them  is  unclear.  Two  other 
forms,  the  pteropod  Cavolinia  longircsim  and  the  siphonophore  A^aima  okeni  (Figure  16b), 
had  distributions  showing  their  tendency  to  leave  the  upper  100  m  in  daytime;  that  is,  they 
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occurred  in  haul  198  (75  to  120  m)  before  daybreak  but  not  in  haul  199  (75  to  90  m)  just  after 
daybreak  on  the  same  day,  and  they  occurred  in  hauls  201  and  202  (225  to  475  m)  but  not  in 
haul  200  (80  to  85  m)  earlier  the  same  day. 

Three  tunicates  were  taken  above  500  m  night  and  day,  but  their  distributions  show  no  spe¬ 
cial  patterns:  they  are  Salpa  fudformis,  Pegea  confoederata,  and  Dolioletta  gegenbauri 
(Table  2). 

By  this  method  of  analysis,  we  are  left  with  a  number  of  invertebrates  that  occurred  variously 
in  moderate  to  large  numbers  from  the  surface  ro  below  700  m,  some  of  which  were  patchy  in 
distribution  but  none  of  which  show  any  particular  affinities  for  any  particular  depths.  These 
were  the  siphonophores  Abyla  trigorta,  Hippopodius  hippopus,  Chelophyes  appendiculata, 
Chelophyes  contorta,  and  Eudoxoides  mitra;  the  pteropods  Diacria  quadridentata  (two  sub¬ 
species)  tnd  Creseis  sp.;  the  euphausiid  Thysanoessa  sp.;  and  the  tunicates  Thalia  democratica, 
basis  zonaria,  and  Pyrosoma  atlanticum  (Table  2). 

The  pitfalls  of  plotting  distributions  and  making  inferences  from  them  about  dynamics  of 
population  movements  probably  are  pumerous,  but  the  following  example  is  especially  instruc¬ 
tive.  Nafpaktitis  and  Nafpaktitis  (1969)  report  that  the  myctophid  fish  Ceratoscopelus  warmingi 
has  a  broad  distribution  from  the  Atlantic  Ocean  through  the  Indian  Ocean,  probably  to  the 
South  Pacific;  they  write  concerning  collections  from  Anton  Brunn  Cruises  3  and  6  in  the  west¬ 
ern  Indian  Ocean,  “C.  warmingi  seems  to  be  common  in  the  Indian  Ocean.  The  386  specimens 
were  taken  almost  uninterruptedly  from  about  12°N  to  44°S.”  Yet  during  Te  Vega  Cruise  5, 
this  species  was  taken  only  at  four  localities  (Table  2),  none  of  which  were  in  the  western  Indian 
Ocean.  Also,  the  species  was  taken  only  in  nighttime  hauls  during  Te  Vega  Cruise  5,  with  16  of 
the  17  specimens  taken  in  hauls  from  0  to  120  m,  but  Anton  Brunn  Cruises  3  and  6  took  the 
species  in  daytime  in  15  hauls  that  sampled  the  upper  1000  m.  (Of  a  total  of  SO  Anton  Brunn 
hauls  that  captured  C.  warmingi,  15  were  made  during  daylight  hours  and  38  during  the  night, 
while  27  could  not  be  scored  as  either  day  or  night  hauls;  the  latter  hauls  were  evidently  made 
partly  by  day  and  partly  by  night  in  at  least  some  cases.)  Thus  it  is  plain  that  our  data  are  insuf¬ 
ficient  to  show  the  relationship  of  Ceratoscopelus  warmingi  to  the  main  DSL,  even  though  other 
workers  have  found  the  fish  to  be  common  in  the  Indian  Ocean  and  have  taken  it  at  various 
depths.  The  same  is  undoubtedly  true  for  other  species  we  attempted  to  treat,  but  the  case  of 
C.  warmingi  is  especially  provocative  because  schools  of  one  of  its  congeners,  C.  maderensis, 
were  recently  identified  with  a  deep  scattering  layer  composed  of  discrete  hyperbolic  echo  se¬ 
quences  off  the  continental  slope  of  the  northeastern  United  States  (Backus  et  al.,  1968). 

To  summarize,  for  the  species  for  which  we  could  discern  migration  patterns,  there  were  six 
that  appear  to  perform  extensive  migrations  and  one  that  is  a  partial  migrator,  any  or  all  of  which 
may  be  important  sound  scatterers  in  the  main  DSL  in  the  equatorial  Indian  Ocean  in  October 
and  November.  Best  evidence  for  association  with  the  main  DSL  was  obtained  for  Ablyopsis 
tetragona  (a  siphonophore),  Cymbulia  sp.  (a  pteropod),  and  Thysanopoda  sp.  (a  euphausiid). 
Lesser  evidence  was  obtained  for  Nematobrachion  sp.  (a  euphausiid),  Vinciguerria  nimbaria  (a 
stomiatoid  fish),  Notolychnus  valdiviae  (a  myctophid  fish),  and  the  partial  migrator  Argyro- 
pelecus  lychnus  sladeni  (a  stomiatoid  fish). 

NOTES  ON  FOOD  RELATIONSHIPS 

Although  time  and  facilities  did  net  permit  an  extensive  study  of  food  relationships  among 
organisms  occurring  in  the  vicinity  of  the  DSL,  qualitative  examinations  of  stomach  contents 
were  made  on  selected  species.  For  some  of  these  species  it  was  possible  to  examine  specimens 
collected  at  several  different  times  of  day  and  night.  Several  prominent  species  were  never  taken 
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with  recognizable  food  remains  in  the  gut,  a  situation  not  uncommonly  encountered  among 
zooplankton  (Raymont,  1963,  p.  502).  Our  methods  did  not  permit  decisions  as  to  whether  this 
might  be  the  result  of  regurgitation  upon  capture  or  preservation;  rapid  digestion  and  elimina¬ 
tion;  ingestion  only  of  soft  parts  or  soft-bodied  organisms;  feeding  on  organic  matter  in  the  form 
of  fine  detritus,  organic  aggregates,  or  dissolved  organic  matter  (Riley,  1 963);  or  other  factors. 
Fragmentary  as  our  data  are,  they  are  deemed  worth  tabulating  in  view  of  the  lack  of  detailed 
information  on  the  food  habits  of  most  zooplankters  (Raymont,  1963). 

In  Table  3,  the  feeders  (left  hand  margin)  and  the  foods  found  in  their  stomachs  (top)  are 
arranged  in  such  an  order  that  the  herbivores  and  microphagous  feeders  are  grouped  in  the  upper 
part  of  the  table,  omnivores  fall  near  the  middle,  and  carnivores  are  clustered  in  the  lower  part. 

A  number  of  forms  were  noted  »n  which  the  stomachs  contained  both  microscopic  and  macro¬ 
scopic  foods.  In  some  cases,  both  may  have  been  selectively  ingested.  In  other  cases,  such  as  the 
euphausiids  Stylocheiron  and  Thysanopoda,  the  caridean  shrimp  Acanthephyra,  and  perhaps  the 
penaeid  prawns  (see  Hall,  1962),  some  of  the  microscopic  forms  reported  in  the  gut  may  repre¬ 
sent  organisms  that  were  present  in  the  stomachs  of  ingested  animals. 
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SUMMARY 

Twenty-two  stations  were  occupied  at  14  localities  in  the  equatorial  Indian  Ocean  between 
Mombasa,  Kenya,  and  the  Nicobar  Islands  to  secure  organisms  from  deep  scattering  layers  (DSL) 
and  vicinity  by  midwater  trawling  and  to  determine  the  behavior  of  the  DSL  by  echogram 
analysis. 

Prominent  scattering  features  of  the  equatorial  Indian  Ocean  are  described  and  named.  Main 
layers  observed  were  (1)  a  daytime  surface  layer  (outgoing  signal  plus  any  surface  scattering)  in 
the  top  60  to  1 50  m;  (2)  a  daytime  main  DSL,  50  m  or  more  thick,  sometimes  recorded  as  a 
double  layer,  with  a  top  at  300  to  350  m;  (3)  a  daytime  intemtedlate  layer,  not  always  present, 
centering  at  about  200  m;  and  (4)  a  nighttime  combined  layer  in  the  upper  150  to  250  m, 
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formed  by  merging  of  the  surface  layer  with  the  main  DSL.  Scattering  layers  of  the  Indian  Ocean 
are  compared  with  those  from  other  oceans. 

Geographical  distribution  data  are  presented  for  the  161  species  of  animals  that  were  identi¬ 
fied;  of  these  there  were  16  siphonophores,  14  pteropods,  10  heteropods,  3  mysids,  7  euphausi- 
ids,  19  shrimps,  8  pelagic  tunicates,  and  79  fishes.  Distribution  of  amphipod  genera  is  given; 
chaetognaths,  medusae,  annelids,  copepods,  and  other  groups  taken  were  generally  not  identified; 
collections  of  these  as  well  as  of  the  identified  species  are  available  for  study. 

Vertical  distributions  for  56  genera  and  species  are  discussed  with  special  reference  to  migra¬ 
tion  patterns.  Best  evidence  for  association  with  the  main  DSL  was  obtained  for  the  vertical  mi¬ 
grators  Ablyopsis  tetragona  (a  siphonophore),  Cymbulia  sp.  (a  pteropod),  and  Thysanopoda  sp. 

(a  euphausiid),  with  lesser  evidence  for  Nematobrachion  sp.  (a  euphausiid),  Vinciguema  nimbaria 
(a  stomiatoid  fish),  and  Notolychnus  valdiviae  (a  myctophid  fish),  and  the  partial  migrator 
Argyropelecus  lynchnus  sladeni  (a  stomiatoid  fish). 

A  small  amount  of  information  on  gut  contents  is  presented  for  39  species. 

REFERENCES 

Alcock,  A.  1905 .  A  revision  of  the  genus  Peneus  with  diagnosis  of  some  new  species  and  varie¬ 
ties.  Ann.  Mag.  Natur.  Hist.  16(7): 508-532. 

Backus,  R.  H.,  J.  E.  Craddock,  R.  L.  Haedrich,  D.  L.  Shores,  J.  M.  Teal,  A.  S.  Wing,  G.  W.  Mead, 
and  W.  D.  Clarke.  1968.  Ceratoscopelus  maderensis:  peculiar  sound-scattering  layer  identi¬ 
fied  with  this  myctophid  fish.  Science  160:991-993. 

Backus,  R.  H.,  and  J.  B.  Hersey.  1956.  Echo-sounder  observations  of  midwater  nets  and  their 
towing  cables.  Deep-Sea  Res.  3:237-241. 

Barham,  E.  G.  1957.  The  ecology  of  sonic  scattering  layers  in  the  Monterey  Bay  area.  Hopkins 
Marine  Station,  Stanford  Univ.,  Technical  Rept.  No.  /,  182  pp. 

•  1966.  Deep  scattering  layer  migration  and  composition:  observations  from  a  diving 
saucer.  Science  151:1399-1403. 

Barnard,  K.  J.  1950.  Descriptive  catalog  of  South  African  decapod  Crustacea.  Ann.  South  Afri¬ 
can  Mus.  38:1-864. 

Bauchot-Boutin,  M.  L.  1953.  Revision  synoptique  du  genre  Serrtvomer (Anguilliformes).  Bull. 

Mus.  Nat.  Hist.  Natur.  Paris,  ser.  2,  25(4):  3 65 -3 67. 

Beebe,  W.,  and  J.  Crane.  1937.  Deep-sea  fishes  of  the  Bermuda  Oceanographic  Expeditions. 

Family  Nemichthyidae.  Zoologica  22(4):  349-3 83. 

Beebe,  W.,  and  M.  Vander  Pyl.  1944.  Eastern  Pacific  expeditions  of  the  New  York  Zoological 
Society,  XXXIII.  Pacific  Myctophidae  (Fishes).  Zoologica  29:59-95. 

Bertelsen,  E.  1951.  The  ceratioid  fishes.  Dana  Report  No.  39,216  pp. 

Bertin.L.  1937.  Les  poissons  aby*saux  du  genre  Cyema  Gunther  (Anatomic,  embryologie,  bio- 
nomie).  Dam  Report  No.  10.  30  pp. 

Bigelow,  H.  B.  1911.  The  SiphouophoriC.  Reports  on  the  scientific  results  of  the  expedition  to 
the  eastern  tropical  Pacific  . . .  “Albatross."  XXIII.  Mem.  Mus.  Comp.  Zool.  Harvard, 

38(2):  173-401. 

Bolin,  R.  1959.  Iniomi,  Myctophidae,  from  the  “Michael  San”  North  Atlantic  Deep-sea  Expedi¬ 
tion  1910.  Rep.  Set  Res.  M.  Sars No.  Atl.  Deepsea  Exp., 4(2),  no.  7, 45  pp. 

Boone,  L.  1931.  Scientific  results  of  the  world  cruise  of  the  yacht  “Alva."  Bull.  Vanderbilt  Mar. 
Mus.,  6(1935):  1-264. 

Borradailc,  L.  A.  1916.  On  Carides  from  the  Western  Indian  Ocean.  Trans.  Linn  Soc.  London, 
ser.  2, 17:397412. 


450 


BRADBURY  ET  AL. 


Caiman,  W.  T.  1939.  Crustacea:  Caridea.  John  Murray  1933-34  Exp.  Sci.  Rep.,  6(4):  183-224. 
Chace,  F.  A.,  Jr.  1936.  Revision  of  the  bathypelagic  prawns  of  the  family  Acanthephyridae, 
with  notes  on  a  new  family,  Gonphonatidae.  Journ.  Washington  Acad.  Sci.,  26:24-31. 

Clarke,  G.  L.,  and  R.  H.  Backus.  1964.  Interrelations  between  the  vertical  migration  of  deep 
scattering  layers,  bioluminescence,  and  changes  in  daylight  in  the  sea.  Bull.  Inst.  Oceanogr. 
Monaco,  64(1318),  36  pp. 

Cohen,  D.  M.  1964.  Suborder  Argentinoidea,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  4. 
Mem.  Sears  Fd.  Mar.  Res.  No.  1,  pp.  1-70. 

Dana,  J.  D.  1852.  Crustacea  of  the  United  States  Exploratory  Expedition,  Vol.  13(1), 
Philadelphia. 

D’ Ancona,  U.  1928.  Murenoidi  (Apodes)  del  Mar  Rosso  e  del  Golfo  di  Aden.  R.  Comitato 
Talassografko  Italiano,  Mem.  CXL  VI,  146  pp. 

D’ Ancona,  U.,  and  G.  Cavinato.  1965.  The  fishes  of  the  family  Bregmacerotidae.  Dana  Report 
No.  64,  92  pp. 

DeMan,  J.  1920.  The  Decapoda  of  the  Siboga  Expedition,  Pt.  IV.  Siboga  Exped.  39a:  1-318. 
Dietz,  R.  S.  1948.  Deep  scattering  layer  in  the  Pacific  and  Antarctic  Oceans.  Joum.  Mar.  Res. 
7(3);430442. 

Einarsson,  H.  1945.  Euphausiacea.  I.  Northern  Atlantic  species.  Dam  Report  No.  27,  185  pp. 
Fraser-Brunner,  A.  1949.  A  classification  of  the  fishes  of  the  family  Myctophidae.  Proc.  Zool. 
Soc.  London  1 18(4):  1019-1 106. 

Frassetto,  R.,  and  N.  Della  Croce.  1965.  Observations  of  DSL  in  the  Mediterranean.  Bull.  Inst. 
Oceanogr.  Momco  65(1344),  16  pp. 

Gibbs,  R.  H.,  Jr.  1964a.  Family  Astronesthidae,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  4. 
Mem.  Sears  Fd.  Mar.  Res.  No.  I,  pp.  311-350. 

•  1964b.  Family  Idiacanthidae,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  4.  Mem.  Sears 
Fd.  Mar.  Res.  No.  1,  pp.  512-522. 

•  and  B.  A.  Hurwitz.  1967.  Systematics  and  zoogeography  of  the  stomiatoid  fishes, 
Chauliodus  pammelas  and  C.  sloani,  of  the  Indian  Ocean.  Copeia  1967(4): 798-805. 

Grey,  M.  1960.  A  preliminary  review  of  the  family  Gonostomatidae,  with  a  key  to  the  genera 
and  the  description  of  a  new  species  from  the  tropical  Pacific.  Bull.  Mus.  Comp.  Zool.  Har¬ 
vard  122(2):  57- 125. 

•  1964.  Family  Gonostomatidae,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  4.  Mem.  Sears 
Fd.  Mar.  Res.  No.  1,  pp.  78-240. 

Hail,  D.  N.  F.  1962.  Observations  on  the  taxonomy  and  biology  of  some  Indo-West-Pacific 
Penaeidae  (Crustacea,  Decapoda).  Colonial  Office  Fish,  Publ.  No.  17,  London.  229  pp. 
Hansen,  H.  J.  1896.  On  the  development  and  the  species  of  crustaceans  of  the  genus  Sergestes. 
Proc.  Zool.  Soc.  London,  1896:936-970. 

Hersey,  J.  B.,  and  R.  H.  Backus.  1962.  Sound  scattering  by  marine  organisms,  in  Hill  (ed.),  The 
Sea,  Vol.  1,  Physical  Oceanography,  pp.  498-539. 

Holthuis,  L.  B.  1955.  The  recent  genera  of  the  Caridean  and  Stenopodidean  shrimps  (Class 
Crustacea,  Order  Decapoda,  Supereection  Natan tia)  with  keys  for  their  determination.  Zool. 
Verhand.,  26:1-157. 

Kemp.S.  1939.  On  Acaruhephyra  purpurea  and  its  allies  (Crustacea  Decapoda:  Hoplophoridae). 
Ann.  Mag.  Natur.  Hist.,  ser.  11, 4(24):568-579. 

Lea,  E.  1913.  Muraenoid  Larvae  from  the  “Michael  Sars”  North  Atlantic  Deep-sea  Expedition 
1910.  Rep.  M.  Sars  No.  Atl.  Deepsea  Exp.,  3(1),  48  pp. 


INDIAN  OCEAN  DSL  FAUNA 


451 


Marshall,  N.  B.  1960.  Swimbladder  structure  of  deep-sea  fishes  in  relation  to  their  systematics 
and  biology .  Discovery  Reports,  31:1-122. 

•  1966.  Family  Scopelosauridae,  in  Fishes  of  the  Western  North  Atlantic,  Part  5.  Mem. 

Sears  Fd.  Mar.  Res.  No.  1,  pp.  194-204. 

Moore,  H.  B.  1950.  The  relation  between  the  scattering  layer  and  the  Euphausiacea.  Biol.  Bull., 
99(2):  18 1-2 12. 

Morrow,  J.  E.,  Jr.  1964a.  Suborder  Stomiatoidea.  General  discussion  and  key  to  families,  in 
Fishes  of  the  Western  North  Atlantic,  Pt.  4.  Mem.  Sears  Fd.  Mar.  Res.  No.  1,  pp.  71-76. 

•  1964b.  Family  Chauliodontidae,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  4.  Mem. 
Sears  Fd.  Mar.  Res.  No.  1,  pp.  274-289. 

•  1964c.  Family  Stomiatidae,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  4.  Mem.  Sears 
Fd.  Mar.  Res.  No.  1,  pp.  290-310. 

Morrow,  J.  E.  Jr.,  and  R.  H.  Gibbs,  Jr.  1964.  Family  Melanostomiatidae,  in  Fishes  of  the  West¬ 
ern  North  Atlantic,  Pt.  4.  Mem.  Sears  Fd.  Mar.  Res.  No.  1,  pp.  351-511. 

Nafpaktitis,  B.  G.,  and  M.  Nafpaktitis.  1969.  Lantemfishes  (Family  Myctophidae)  collected  dur¬ 
ing  Cruises  3  and  6  of  the  R/V  Anton  Brunn  in  the  Indian  Ocean.  Bull.  L  is  Angeles  County 
Mus.  Natur.  Histo.  Science  No.  5,  79  pp. 

Parr,  A.  E.  1960.  The  fishes  of  the  family  Searsidae.  Dana  Report  No.  SI,  109  pp. 

Pearcy,  W.  G.,  and  R.  M.  Laurs.  1966.  Vertical  migration  and  distribution  of  mesopelagic  fishes 
off  Oregon.  Deep-Sea  Res.,  13(2):  153-165. 

Ramadan,  M.M.  1938.  Crustacea:  Penaeidae.  The  John  Murray  Exp.  1933-34,  ScL  Rep., 
5(3):35-76. 

Raymont,  J.  E.  G.  1963.  Plankton  and  Productivity  in  the  Oceans.  Fergamon  Press,  Oxford. 

660  pp. 

Riley,  G.  1963.  Theory  of  food-chain  relations  in  the  ocean,  in  Hill  (ed.),  The  Sea.  Vol.  2:438- 
463. 

Rofen,  R.  R.  1966a.  Family  EvermanncUidae,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  5. 
Mem.  Sears  Fd.  Mar.  Res.  No.  1,  pp.  511-565. 

•  1966b.  Family  Scopelarchidae,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  5.  Mem.  Sears 
Fd.  Mar.  Res.  No.  1,  pp.  566-602. 

Roule,  L.,  and  L.  Bertin.  1929.  Les  poisions  Apodet  appartemant  au  sous-ordrt  des  Nemkhthy- 
diformes.  Dana  Report  1920-22,  No.  4, 113  pp. 

Sars,  G.  O.  1885.  Report  on  the  Schizopoda  collected  by  HM.S.  Challenger,  during  the  years 
1873-1876.  Challenger  Reports,  Zoology  13(3),  229  pp, 

Schultz,  L.  P.  1961 .  Revision  of  the  marine  silver  hatchetfishes  (Family  Stemoptychidae). 

Proc.  U.S.  Nat.  Mus.,  112:587-649. 

Stubbings,  H.  G.  1938.  Pteropoda.  The  John  Murray  Exp.  1933-34,  ScL  Rep.,  5(2):  15-33. 
Tattersall,  W.  M.  1939.  The  Euphausiacea  and  Mysidacea  of  the  John  Murray  Expedition  to  the 
Indian  Ocean.  The  John  Murray  Exp.  1933-34,  Sci.  Rep.,  S(8):203-246. 

Tattersall,  W.M.,  and  O  S.  Tattersall.  1951.  The  British  Mysidacea.  The  Ray  Society,  London, 
460  pp. 

Tesch,  J.  J.  1946.  The  thecosomatous  Pteropods,  I.  The  Atlantic.  Dana  Report  No.  28, 82  pp. 

•  1948.  The  thecosomatous  Pteropods,  II.  The  Indo-Pacifk.  Dana  Report  No.  30,  45  pp. 

•  1949.  Heteropoda.  Dana  Report  No.  34,  53  pp. 

Thompson ,  H.  1948.  Pelagic  tunicate s  of  Australia.  Commonwealth  Council  for  Scientific  and 
Industrial  Research,  Melbourne,  Australia.  196  pp. 

Thore,  S.  1949.  Investigations  on  the  “Dana"  Octopoda,  Pt.  1 ,  BoUtaenidae,  Amphitretidae, 
Vitreledonellidae,  and  Alloposidae.  Dana  Report  No.  33,  85  pp. 


452 


BRADBURY  ET  AL. 


Totton,  A.  K.  1954.  Siphonophora  of  the  Indian  Ocean  together  with  systematic  and  biological 
notes  on  related  specimens  from  other  oceans.  Discovery  Reports,  27: 1-162. 

Totton,  A.  K.,  and  H.  E.  Bargmann.  1965 .  A  synopsis  of  the  Siphonophora.  British  Museum 
(Natural  History),  London.  232  pp. 

Townsley,  S.  J.  1953.  Adult  and  larval  stomatopcd  crustaceans  occurring  in  Hawaiian  waters. 
Pacific  Set,  7(4):399-437. 

Walters,  V.  1964.  Order  Giganturoidei,  in  Fishes  of  the  Western  North  Atlantic,  Pt.  4.  Mem. 
Sears  Fd.  Mar.  Res.  No.  I,  pp.  566-577. 

Wood-Mason,  J.,  and  A.  Alcock.  1891 .  Natural  history  notes  from  H.  M.  Indian  Marine  Survey 
Steamer  “Investigator.”  Ann.  Mag.  Natur.  Hist.,  8(6):  16-34. 


■ 


I 

1 


COMPARISONS  BETWEEN  SURFACE-MEASURED 
SWIMBLADDER  VOLUMES,  DEPTH  OF 
RESONANCE,  AND  12-kHz  ECHOGRAMS  AT 
THE  TIME  OF  CAPTURE  OF  SOUND¬ 
SCATTERING  FISHES 


Lloyd  W.  Shearer 
U.S.  Naval  Oceanographic  Office 
Washington,  D.C. 

ABSTRACT 

During  January  and  February  1969  the  Naval  Oceanographic  Office  conducted  biological 
and  acoustic  measurements  of  deep  scattering  layers  in  the  tropical  western  Atlantic.  Swim- 
bladder  volume  determinations  were  made  on  91  specimens  of  four  species  of  me  so  pelagic 
physodistous  Ashes.  In  Myctophum  nitiduhm,  Lepidophanet  guntheri,  and  Stemoptyx 
dicphena,  there  was  very  little  correlation  between  estimated  swimbiadder  volumes  and  those 
calculated  from  total  lengths  by  either  Haslett'i  or  Andreeva  and  Chindonova’s  equations. 

For  Dkphui  brechycepheha.  only  a  slight  difference  was  apparent  between  swimbiadder  vol¬ 
umes  calculated  by  Andreeva  and  Chindonova'i  equation  and  the  regression  equation  derived 
from  measurements  made  in  this  study. 

Swimbiadder  volumes  required  for  mao  nance  at  1 2  kHz  over  a  wide  range  of  depths  were 
calculated  from  the  resonance  frequency  equations  of  Minnaert,  Andreeva,  Andreeva  ir.d 
Chindonova,  and  for  a  free  gas  bu  bble.  Curves  plotted  for  each  equation  make  it  possible  to 
determine  resonance  depths  for  surface-measured  volumes  for  both  swimbiadder  behavior 
responses,  viz  active  or  pasdve.  In  the  former  case,  volume  is  kept  constant  at  aB  depths  by 
the  fish  secreting  or  absorbing  gas  as  required;  in  the  latter,  the  volume  dm  ply  expands  or 
compresses  according  to  Boyle's  5»w. 

If  one  assumes  that  the  swimNadden  of  physochstous  Ashes  respond  actively,  only  36.6% 
of  the  5.  dkphmu  qpeefenens  and  none  of  the  other  Ashes  measured  were  capable  of  resonat¬ 
ing  st  12  kHz  between  their  depth  of  capture  and  the  surface  <860  to  0  m).  If.  however,  the 
rwimbtadder  responds  passively,  then  100%  of  the  S.  dieptmui,  93.7%  of  the  D.  bnchy 
ctphehu,  and  42.5%  of  the  L.  gwitkert  specimens  were  capable  of  resonating  st  this  fre¬ 
quency  at  specific  depths  between  their  depth  of  capture  and  the  surface. 

BACKGROUND 

Although  a  huge  literature  concerning  the  morphology,  histology,  and  physiology  of  the  swim- 
bladder  of  fishes  exists,  very  little  data  are  available  on  such  basic  facts  and  figures  as  estimates 
of  swimbiadder  size  or  volume. 

Black  (1948)  estimated  the  swimbiadder  volume  to  the  Mummichog  Fundutus  Keteroditut 
by  alL  wii*  the  extracted  gas  to  disjilaoc  its  volume  to  a  calibrated  bulb  filled  with  water. 

Jones  (1951)  removed  the  head,  tail,  and  viscera  from  perch  Ferae  fhnhatHs,  placed  the  trunk 
with  the  attached  swimbiadder  to  a  density  bottle,  and  made  weight  determinations  before  and 
after  the  bladder  was  tom  sway  from  the  trunk.  The  difference  between  the  two  weighings  gave 
the  weight  of  the  water  displaced  by  the  swimbiadder,  from  which  the  volume  could  be 
estimated. 
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Alexander  (1959b)  working  with  small  specimens  of  ?  goby  Gobius  flavexens  weighed  them 
in  a  density  bottle  filled  with  distilled  water.  Next  they  were  cut  in  half,  which  allowed  the 
swimbladder  gases  to  escape,  and  they  were  reweighed  in  the  same  bottle.  The  difference  in  grams 
between  the  two  weighings  equalled  the  total  swimbladder  volume  in  milliliters. 

Marshall  (1951  and  1960)  removed  the  .rwimbladden  of  numerous  preserved  specimens  of 
myctophids,  gonostomalids,  stonicptychids,  tna  otters  and  presented  data  on  the  major  and 
minor  axes  of  the  organ  as  wei1  as  tire  standard  lengths  of  me  measured  fish. 

Capen  (1967)  presents  similar  data  on  both  fresh  and  preserved  specimens  of  similar  groups 
of  fishes  but  goes  a  step  f  ather  by  assuming  that  the  s'  ape  of  the  swimbladder  approximates  that 
of  a  prolate  spheriod;  he  presents  calculated  volumes  for  his  physical  measurements. 

More  refined  method:  for  directly  estimating  swimbladder  volumes  ars  available  which  negate 
the  need  for  either  mutilating  the  fish  and/or  removing  the  swimbladder  or  its  gases.  Kanwisher 
and  Ebeling  (1957)  determined  the  swimbladder  volumes  in  numerous  specimens  of  surface  and 
metopelagic  marine  fishes  by  placing  them  In  a  pressure  chamber  and  noting  the  volume  of  water 
required  to  double  the  pressure  in  the  chamber.  Applying  Boyle’s  Law,  this  volume  equals  the 
half -volume  of  the  sv  ir.ibladder  at  one  atmosphere  at  the  surf see. 

Alexander  (1959a)  subjected  a  ntsnber  of  anesthetized  physostomes  to  changes  of  pressure 
and  determined  the  corresponding  changes  in  the  swimbladder  volume  before  and  after  the 
restraining  influence  of  the  swimbladder  wall  had  been  eliminate  r/  the  expression  o?  some  of 
the  gases  through  the  pneumatic  duct.  The  remaining  or  “ur? const r  Jned  ’  g;  >  feys  Boyle’?  law 
so  that  the  total  volume  it  test  depth  can  be  calculated  freer  the  frown  change  in  volume  with 
pressure. 

Brawn  (1965)  modified  Alexander’s  method  in  order  estinuie  the  swimbUdde;  volume  in 
a  living  phytocUst,  the  Pollock  PoQxhius  virens.  Due  to  the  absence  of  a  pneumatic  duct  in 
phytodists  it  is  impossible  to  expel  gas  by  varying  t he  pressure,  in  her  method  the  swimbladder 
volume  can  be  estimated  from  its  change  in  volume  wbh  change  in  applied  pressure  only  after 
the  contained  gases  have  been  sufficiently  compressed  io  remove  the  constraint  of  the  swim 
bladder  wall. 

Rahn  (1968)  described  a  simple  field  method  for  estimating  Ac  swimbladder  volume  of  male 
salmon.  His  apparatus  seems  to  be  idem! .  with  that  of  Kaawiriier  md  EteBng’s  in  that  it  fr 
fitted  with  a  manometer  and  syringe  rather  than  r.  corner? auoa- vacuum  pump  as  in  the  case  of 
Alexander’s  and  Brawn’s  apparatus.  Whereas  if  the  latter  two  worker’s  methods  the  restraining 
influence  of  the  swimbladder  walls  has  to  be  eliminated  In  order  to  estimate  the  volume  of 
swimbladder  gases,  Rahn’s  method  assumes  that  any  increase  in  volume  by  the  injection  of  water 
results  in  a  corresponding  decrease  in  tise  swtinbi*d(*er  volume  The  iritiul  swimbladder  volume 
in  both  the  Brawn  (1965)  and  Ralm  (1968)  methods  c:  o.  l«  calculated  by  the  Boyle-Msjiotte 
Law.  Thus 

V  ■  a,  (0 

Brawn  Method  Raha  Method 


V  «  volume  of  unconstrained  gas  st  0  sopited 
pressure 

Av  »  change  in  volume  which  the  swirobbdder 
gas  would  have  shown  if  it  had  not  been 
compressed  by  the  swimbladder  watts  be¬ 
tween  0  and  42  cm  Hg  applied  pressure 


*  initial  swimbladder  volume 

*  know  volume  of  water  injected  into 
the  system 
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Pg  =  total  pressure  at  0  applied  pressure  =  barometric  pressure 

Ap  =  the  increase  in  pressure  of  42  cm  Hg  =  concomitant  pressure  increase  above 

barometric  pressure  due  to  Av 

Several  workers  have  attempted  to  estimate  swimbladder  volumes  as  a  function  of  one  or 
another  measurable  parameter  of  the  fish.  Jones  (195 1)  was  first  to  suggest  that  if  the  swim- 
bladder  functions  as  a  hydrostatic  organ  if  should  occupy  about  7%  of  the  volume  of  a  fresh¬ 
water  teleost  but  slightly  less,  about  5%  of  that  of  a  marine  teleost.  Hasiett  (1962)  constructed 
a  “standard  fish  structure’’  based  on  6  specimens  of  the  whiting  Gadus  merlangus,  from  which 
he  derived  the  following  approximation  as  the  r  * an  volume  of  a  [the]  fish: 

Volume^  -  8.3  X  10"3  L3  cm3,  (2) 

where  L  equals  the  total  length  of  the  fish  in  centimeters.  Using  the  same  “standard  fish 
structure,”  he  found  the  mean  volume  of  the  swimbladder  to  be  4.1%  of  the  total  volume  of 
the  fish,  or 


Volumeswimbladder  =  3  4  X  •  (3> 

Andreeva  and  Chindonova  (1964)  citing  Hasiett  (1962)  state  that  the  volume  of  the  fish  may 
be  determined  in  the  first  approximation  from  the  length  L  (although  it  was  not  stated,  it  i« 
assumed  that  the  unit  of  total  length  is  centimeters)  in  the  following  manner: 

Volume^ * 0.01  L3  [cm3].  (4) 

They  further  assume  that  the  volume  of  the  swimbkdder  is  5%  of  the  total  volume  of  the  fish, 
therefore 


^Wrbdder5*10^3  (5) 

To  emphjMze  that  formula  (5)  is  not  infallible;  they  state  that  it  can  only  be  used  for  determina¬ 
tion  of  the  c'ie-;-  of  magnitude  of  volume  of  the  swimbladder  and  does  not  pretend  to  give  a 
precise  determination  of  the  sue  of  the  swimbladder  for  a  particular  fish. 

Currently,  there  are  two  schools  of  thought  g  the  swimbladder ’s  response  to  charging 

hydrostatic  pressure*  as  a  physodist  migrate*  vertically.  One,  th  active  response  theory,  is  that 
the  fish  remdra  neutrally  buoyant  at  all  depths  by  either  secreting  or  absorbing  gat  as  required 
to  maintain  constant  swimbladder  volume.  This  implies  that  as  the  fish  ascends  with  the 
approach  of  sunset,  it  mutt  constantly  absorb  gas,  and  conversely  aa  ii  descends  with  the  ap¬ 
proach  of  sunrise,  gas  must  be  rapidly  secreted  to  fill  the  diminishing  swimbladder.  Kersey  tx  ai. 
(1962)  attributed  a  shift  in  the  resonance  scattering  frequency  (at  peaks  above  5  kHz)  durir^ 
vertical  migration  of  scattering  layers  which  varied  as  the  one-half  power  of  the  pressure  to 
actively  responding  swimbladder*. 

The  passive  response  theory  states  that  the  fish  is  only  neutrally  buoyant  at  some  near- 
rnrface  level.  This  Implies  that  the  fhh  responds  pushrety  to  changing  hydrostatic  pressures  din¬ 
ing  its  vertical  migration.  it  begins  to  swim  downward  with  the  approach  of  sunrise,  and  as  the 
depth  increases,  its  ladder  volutn*  decrease*,  its  density  increases,  and  it  becomes  heavier 
as  it  continues  its  downward  motion  until  its  maximum  dxytfcne  depth  is  reached  where,  presum¬ 
ably,  its  lew!  is  maintained  by  minimum  swimming  activity.  To  ascend,  H  merely  has  to  start  aa 
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upward  swimming  motion  and  as  the  pressure  decreases,  tire  swimbladder  and  consequently  the 
total  volume  increase,  the  fish  becomes  less  dense,  and  it  continues  swimming  upward  until  it 
reaches  its  nighttime  activity  level,  Hersey  et  al.  (1962)  attributed  a  shift  in  resonant  scattering 
frequency  which  varies  a*  the  5/6  power  of  the  hydrostatic  pressure  to  swimbladders  which 
respond  passively. 

MATERIALS  AND  METHODS 

During  January -February  1969  the  U.S.  Naval  Oceanographic  Office  conducted  investigations 
of  deep-scattering  layers  in  tlie  tropical  western  Atlantic.  Specimens  of  a  lantemfish  Myctophum 
nitidulum  were  dipnetted  in  the  nighttime  at  four  oceanographic  stations  lccated  at  08°00'N, 
48°00'W;  0°52'S,  35°09!W;  8°00'S,  30°O0'W;  and  8°00'S,  25°00’W.  Specimens  of  two  lantern- 
fish  Lepidophanes  giintheri  and  Diaphus  brachycephalus,  and  a  hatchetfish  Stemoptyx  diapham 
were  captured  in  a  10-foot  Isaacs-Kidd  Midwater  Trawl  (IKMT)  within  10  miles  of  one  or  more 
of  the  above  stations  as  well  as  at  another  location  at  2°12'N,  44°00’W.  During  each  net  haul 
a  continuous  echogram  depicting  the  depth  of  scattering  layers  was  jecorded  on  a  Gifft  GDR- 
19-T  depth  recorder.  Due  to  malfunctioning  of  the  electronic  components  of  the  tour-chambered 
cod-end  sampler,  only  twe  discrete  samples  were  obtained  (Aron  et  al.,  1964).  Since  all  of  the 
specimens  taken  in  net  hauls  were  dead  or  at  best  moribund,  they  were  retained  in  plastic 
buckets  of  surface  seawater  and  swimbladder  measurements  were  made  as  soon  as  possible. 

Estimations  of  swimbladder  volumes  were  made  according  to  the  method  of  Kanwisher  and 
Ebeling  (1959),  using  s  modified  version  of  their  apparatus.  Apparatus  modifications  included 
the  replacement  of  the  manometer  with  a  pressure  gauge  (Alfred  Ebeling,  personal  communica¬ 
tion)  and  the  attachment  of  a  vernier  scale  to  the  plunger  of  the  syringe. 

In  the  final  di.ta  analysis,  all  fish  that  did  not  sink  when  the  pressure  was  doubled  were 
eliminated.  In  this  respect  the  data  presented  in  this  report  may  be  somewhat  biased. 

Correlation  coefficients  r  between  estimated  swimbladder  volumes  and  total  lengths  for 
each  species  were  calculated  by  the  method  of  least  squares.  Both  Haslett’s  (1962)  and  Andreeva 
and  Chindonova’s  (1964)  functions  appear  basically  to  be  regression  equations  closely  related 
to  Monastyrsky’s  logarithmic  method  for  calculating  growth  in  fishes: 

log  L  =  logc  4-nlogS,  (6) 

where  L  =  body  lengths,  S  =  scale  length,  c  and  n  are  constants,  the  intercept  and  slope,  respec¬ 
tively,  of  the  straight  line  of  the  equation  (see  Lagler,  1952,  p.  122).  Since  variations  of  formula 
(6)  are  often  used  by  fishery  researchers  to  determine  the  regression  of  one  or  more  diagnostic 
characteristics  of  a  species,  such  as  the  snout -to-anus  length,  greatest  body  depth,  eye  diameter, 
head  or  fin  lengths  or.  body  length,  etc.,  it  was  suspected  that  the  same  type  of  linear  relation¬ 
ship  existed  between  the  growth  of  organs  and  the  body  length.  Therefore,  the  regression  equa¬ 
tion  used  for  each  species  in  this  study  is  of  the  following  form: 

LogVSB=loga-}-blogL,  (7) 


where 


VSB  =  vo*ume  the  swimbladder  in  mm* , 

1  =  total  length  of  the  fish  in  cm, 

a  =  a  constant,  the  intercept  of  the  equation,  8nd 

b  -  a  constant,  the  slope  or  regression  coefficient  of  the  equation. 
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Equation  (7)  can  be  further  simplified  to 

Vs„=aLb.  (8) 

Since  the  convenient  unit  for  swimbladder  volumes  in  this  study  is  mm3 ,  equations  (3)  and 
(5)  had  to  be  converted  to  the  following  to  be  compatible: 

VolumeSB  =0.34L3  mm3  (9) 

and 

VolumeSB  =  0.50L3  mm3.  (10) 

Swimbladder  volumes  (actually  equivalent  spherical  volumes)  required  to  resonate  at  12  kHz 
over  a  wide  range  of  depths  (0  to  1 500  m)  were  calculated  from  the  resonance  frequency  equa¬ 
tions  of  Minnaert  (1933),  as  fr=  l/(2rrr)(  3yP/p),/*.Andrecva(1964)asa>p=  i/R(3yP  + 

4(i, !p)llt,  Andreeva  and  Chindoncva  (1964)  as  fr  =  1.5VH  +  30/ ^swimbladder  vol ,  and  for  a 
free  gas  bubble  fr  =  (D  -f  \0)ll*lr,  which  is  an  approximation  of  Minnaert ’s  formula  for  entrained 
air  bubbles  in  water.  Two  volumes  for  each  depth  were  plotted  from  Andreeva’s  equation  to 
include  the  lower  and  upper  limits  for  (fi  j )  the  real  part  of  the  complex  shear  modulus  of  the 
body  tissues  surrounding  the  swimbladder,  expressed  as 

u=juj  (1 +vi2),  (11) 

where  =  106  to  107  dynes/cm2  and  p2  =  0-2  to  0.3. 

Curves  for  each  of  the  above  equations  for  both  swimbladder  behavior  responses,  viz.,  active 
and  passive,  were  plotted  on  log-log  paper  with  surface  volumes  in  cubic  millimeters  as  the 
abscissa  and  (Depth  +  10)  in  meters  as  the  ordinate.  In  the  active  case  volume  is  kept  constant 
at  all  uepths  by  the  fish  secreting  or  absorbing  gas  as  required,  and  the  depth  at  which  the 
swimbladder  resonates  at  1 2  kHz  can  be  read  directly  from  the  abscissa.  In  the  passive  case  the 
yolume  simply  expands  or  compresses  according  to  Boyle’s  Law.  When  plotted,  Boyle’s  Law  is 
a  straight  line  which  slopes  at  -45°.  Thus  by  placing  a  45°  triangle  at  the  known  surface  volume, 
the  depth  at  which  the  swimbladder  resonates  at  12  kHz  and  its  volume  at  that  depth  are  the 
coordinates  of  the  point  at  which  the  hypotenuse  of  the  45°  triangle  crosses  the  curve  of  interest. 


RESULTS  AND  DISCUSSIONS 

Preliminary  substitutions  of  measured  lengths  or  swimbladder  volumes  in  either  Haslett’s  or 
Andreeva  and  Chindonova’s  equations  resulted  in  wide  discrepancies  between  measured  and 
calculated  values.  The  same  discrepancies  resulted  when  other  workers’  data  were  treated 
likewi  <e.  For  instance,  in  Capen’s  data  only  4  of  the  46  calculated  swimbladder  volumes  were 
in  close  agreement  (within  0.68  to  1 3.91  mm3)  with  those  calculated  from  either  equation. 
Tiiis  gives  credence  to  Andreeva  and  Chindonova’s  statement  that  their  equation  does  not 
pretend  to  give  precise  determination  of  the  size  of  the  swimblsdder  for  a  particular  fish  and 
should  only  be  used  for  determination  of  the  order  of  magnitude  of  the  volume  of  the 
swimbladder. 
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SHEARER 


The  regression  equation  and  the  correlation  coefficient  between  the  total  lengths  and  the 
estimated  swimbladder  volumes  for  M.  nitiduhtm  are  presented  in  Figure  1 ,  The  correlation 
coefficients  between  estimated  swimbladder  volumes  and  the  above-mentioned  equations  for 
this  species  are  presented  in  Figures  2  and  3.  The  same  statistics  for  L.  gimtheri,  D.  brachy- 
cephalus,  and  S.  diaphana  can  be  found  in  Figures  4  through  12  and  are  summarized  in  Table  i. 
This  table  gives  the  coefficients  for  the  regression  equation  for  each  species  and  for  Andreeva 
and  Chindonova’s  (3964)  and  Haslett’s  (1962)  equations. 

From  Table  1,  one  might  assume  that  since  the  calculated  correlation  coefficients  in  3  of  the 
4  species  are  larger  than  those  obtained  with  equations  (9)  and  (10),  that  it  would  be  better  to 
estimate  swimbladder  volumes  from  total  lengths  on  regression  equation  (8).  This  assumption, 
however,  may  not  be  valid  since,  with  the  exception  of  r  =  0.879  in  the  case  <  f  S.  diaphana, 
the  correlation  coefficients  are  too  low  to  be  considered  seriously. 

One  should  use  caution  in  attempting  to  interpret  the  significance  of  these  r  values  and  other 
presented  statistics  primarily  because  of  the  relatively  smail-sized  samples  investigated.  Ideally  in 
a  study  designed  solely  to  determine  the  proper  relationship  between  the  swimbladder  volume 
and  a  measurable  parameter  (be  it  the  total  or  standard  length,  the  greatest  body  depth,  or  the 
weight  or  volume  of  the  fish  to  mention  a  few),  thousands  of  specimens  of  a  species,  encom¬ 
passing  a  wide  range  of  the  body  sizes,  age  groups,  and  sexes  should  be  thoroughly  examined  and 
measured  in  order  to  obtain  a  high  degree  of  confidence  in  the  overall  results. 


Figure  1.  Hie  —crouion  of  swimbladder  volume  oa 
total  length  In  Myctophum  nitidukim  dipnettod  et 
the  surface 
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figure  4.  The  regressio  of  estimated  swimbladdcr 
volume  on  the  total  length  in  Lepidophanes  guntheri 
captured  in  alO-foot  lKMT  at  depths  between  230  and 
Om 


Figure  S.  Correlation  between  estimated 
swimbladder  volume  in  Lepidophanet 
guntheri  and  Andreeva  and  Chindonova’s 
(1964)  equation:  Vgg  =  0.50  L  3  mm3 
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Figure  7.  The  regression  of  swim  bladder  volume  on 
the  total  length  in  Diaphia  brachycephahn  captured 
in  a  10-foot  1KMT  at  depths  between  230  and  0  m 
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Swimbladder  volumes  required  to  resonate  at  12  kHz  between  0  and  1500  m  based  on  the 
resonant  frequency  equations  of  Minnaert,  Andreeva  (1964),  and  Andreeva  and  Chindonova 
and  volumes  for  a  free  gas  bubble  are  given  in  Figure  1 3.  Table  2  summarizes  the  data  on  the 
range  of  swimbladaei  sizes  in  each  collection,  their  depths  of  resonance  for  each  equation,  the 
depths  of  various  scattering  layers  at  the  time  of  capture  for  each  collection,  and  the  percentage 
of  specimens  resonating  between  their  depth  of  capture  and  tike  surface,  assuming  either  active 
or  passive  swimbladder  response.  Figure  14  graphically  depicts  the  range  of  resonant  depths 
for  each  collection,  based  on  all  equations,  for  the  smallest,  largest,  and  mean  swimbladder 
volumes  for  each  species. 

If  one  assumes  that  volumes  estimated  by  the  Kanwisher  and  Ebeling  method  at  atmospheric 
pressure  are  the  maximum  values  possible,  there  should  be  very  little  difference  in  this  volume 
at  all  depths  in  the  case  of  actively  responding  swimbladders.  However,  if  the  swimbladder 
responds  passively  this  volume  would  tend  to  obey  Boyle’s  Law  and  would  be  practically  halved 
in  the  first  10  m  below  the  surface.  This  is  apparent  from  the  shallower  and  much  narrower  range 
of  resonance  depths  for  the  smallest,  largest,  and  mean  volume  for  each  collection  (see  Table  2 
and  Figure  14).  Furthermore,  it  can  be  ascertained  from  Table  2  that  a  wide  range  of  theoretical 
resonance  depths  are  possible  for  a  single  specimen  due  to  the  idiosyncrasies  of  each  of  the 
available  resonant  frequency  equations.  This  is  more  evident  in  the  case  of  actively  responding 
than  in  the  case  of  passively  responding  swimbladders.  Suffice  it  to  say  that  more  studies  on 
this  aspect  alone  are  needed.  The  percentage  of  specimens  in  each  collection  resonating  at 
12  kHz  was  determined  by  ascertaining  from  Figure  13  what  volume  was  required  fci  each 
equation,  for  both  responses,  to  resonate  at  the  greatest  depth  of  the  trawl.  Any  specimen  with 
volumes  smaller  than  these  wouid  consequently  resonate  at  lesser  depths. 

If  one  assumes  that  the  swimbladder  responds  actively  an  average  of  36.6%  of  all  S.  diapham 
specimens  and  none  of  the  other  species  were  capable  of  resonating  at  12  kHz  between  the 
greatest  depth  of  the  trawl  and  the  surface.  If,  however,  the  swimbladder  responds  passively  then 
100%  of  all  the  S.  diaphana  and  D.  brachycephatus  specimens  and  75.6%  of  all  L.  guntheri 
specimens  were  capable  of  resonating  at  this  frequency  at  specific  depths  between  the  greatest 
depth  of  the  trawl  and  the  surface  (see  Table  2). 
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Figure  14.  Active  and  pauive  reiontr.ee  depth  ranget  at  12  kHz  for 
die  smallest,  largest,  ami  mean  swimbladder  volumes  for  each  species, 
derived  from  the  resonance  frequency  equations  of  Minnaert  (1933), 
Andreeva  (1964),  Andreeva  and  Chindonova  (1964),  and  for  that  of 
a  free  gas  bubble 


U«‘  straight  Lnet  fitted  ?•>  the  treasured  lat*  *tUs  cw  exception.  ah-.  the*  poo? 
agree  mem  Correlation  -roeiTiaentj  derived  m  i\t*  jtudy  ar*  km  ind  inadequate  for  the  pre¬ 
diction  of  rwimbledder  volume!  from  the  r??a*uitd  length  of  the  fish  Although  . egression 
equations  derived  from  measured  data  appear  to  be  superior  to  either  equation  (9)  or  (10)  in 
3  of  the  4  species,  some  reservations  should  be  made  regarding  their  use.  The  most  important 
fact  is  that  when  a  statistical  approach  such  as  this  is  employed,  the  implication  should  be  kept 
in  mind  that  one  variable  is  completely  related  to  the  other.  This  may  not  be  strictly  true  in 
the  relationships  between  swimbladder  volume  and  the  length  of  a  specimen,  since  additional 
contributing  factors  undoubtedly  play  a  part  in  this  relationship.  In  this  respect  all  future 
investigations  will  be  oriented  to  gathering  more  data  concerning  the  morphology  and  size  of 
individual  specimens,  their  age,  and  the  rate  of  growth  of  organs  as  a  function  of  the  overall 
growth  rate,  whether  or  not  the  swimbladder  becomes  fat  invested  with  age,  and  the  sex  and 
effects  of  gonadal  development  on  the  expansiveness  of  the  swimbladder.  All  of  these  factors, 
as  well  as  any  other  measurable  parameters  which  might  become  apparent  during  future  inves¬ 
tigative  programs,  will  be  subjected  to  a  multipie  stepwise  regression  analysis  designed  to 
select  the  independent  variable  or  variables  most  highly  correlated  and  to  reject  those  not 
correlated  with  the  dependent  variable-the  swimbladder  volume.  Primary  effort  will  be  made 
to  obtain  larger  numbers  of  specimens  to  insure  a  fairly  representative  sample  of  the  total 
population  of  a  particular  species.  In  this  study  a  fairly  wide  size  range  was  used  in  determining 
the  swimbladder  volumes  for  each  species,  but  it  is  questionable  whether  43  specimens  of 
L.  giintheri  and  26  specimens  of  M.  nitidulum,  and  highly  doubtful  that  14  specimens  of 
D.  brachycephahts  and  only  8  of  S.  diapham  couid  be  considered  as  fairly  representative  samples 
of  the  total  populations  of  these  species. 

R)rmulas  used  at  present  for  determining  the  depth  of  resonance  for  a  given  frequency,  vary 
widely,  especially  at  shallow  depths.  Use  of  approximations  and  those  applicable  to  free  bubbles 
(included  here  for  comparison)  should  be  avoided.  It  may  very  well  be  that  Andreeva,  with 
jUj  -  1 06 ,  is  the  best  of  the  curves  shown  in  Figure  13.  However,  it  is  thought  that  a  more 
accurate  determination  of  would  be  an  ideal  solution  to  the  problem  of  determining  reso¬ 
nance  depth  at  any  given  frequency. 

The  family  of  curves  developed  from  each  of  the  resonant  frequency  equations  simplifies  the 
determination  of  the  ranges  of  resonance  depths  at  12  kHz  for  any  physociistous  fish,  provided 
its  surface  measured  swimbladder  volume  is  known.  If  it  is  suspected  that  the  physociistous 
swimbladder  responds  actively  the  resonance  depth  can  be  read  directly  from  the  abscissa.  If, 
however,  one  assumes  that  it  responds  passively,  then  a  45°  triangle  can  be  placed  at  the  known 
surface  volume,  and  both  the  depth  at  which  the  volume  resonates  at  12  kHz,  and  its  volume 
at  depth  are  the  coordinates  of  the  points  at  which  the  hypotenuse  of  the  45°  triangle  crosses 
each  curve. 

Based  on  the  range  of  estimated  swimbladder  volumes  obtained  for  each  species  in  this 
study,  it  would  appear  that,  with  the  exception  of  36.6%  of  all  the  S.  diaphana  specimens  that 
might  have  responded  actively,  only  fish  whose  swimbladders  could  respond  passively  contrib¬ 
uted  to  any  of  the  scattering  layers  recorded  at  the  time  of  capture. 
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aetermiaaucn  of  the  revoruryce  j*pih  from  the  length  «*or«e 

In  concluding  I  think  fiut  it  would  be  spropo*  to  quo;  r  ettterrent  m*de  59  yean  ago  by 
Pinfeuor  R  W  Tower  (1901)  "The  function  of  the  %  v  bh-lder  of  ha*  sitracfed  the 
attention  of  sdeniisti  for  many  centuries  The  role  t- .  i;  roc  toe  plays  tot  the  life  of  the 

animal  has  been  interpreted  *n  almost  is  many  ays  as  £:ir  have  been  investigations,  and  even 
now  there  is  apparently  much  doubt  as  to  the  true  functions  of  the  swimbladder.  Consequent¬ 
ly,  any  additional  data  concerning  this  organ  is  of  immediate  scientific  value." 
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DISCUSSION 

McGrtney.  I  must  say  I  enjoyed  that  paper  very  much.  I  have  some  data  on  gadoid  fish  which 
I  did  not  use  in  my  paper  and  which  produces  rather  similar  sorts  of  conclusions  but  on  a 
limited  number,  perhaps  50  specimens.  1  would  like  to  ask  a  question  regarding  the  technique. 
You  are  catching  fish  near  the  surface  and  then  making  volume  measurements? 

Shearer:  Only  specimens  of  Myctophum  nitidulum  were  taken  at  the  surface;  the  other  species 
were  taken  in  the  trawl  at  various  depths.  I  should  have  also  mentioned  that  all  specimens 
taken  in  the  trawl  were  dead  and  even  the  dipnetted  M.  nitidulum  specimens  were  at  best 
moribund  when  removed  from  the  net  and  placed  in  a  bucket  of  sea  water. 

McCartney  :  But  the  real  point  I  have  is  that  if  these  have  migrated  recently,  there  is  a  possi¬ 
bility  that  when  you  catch  them,  there  is  an  excess  internal  pressure  within  the  swimbladder. 

Shearer:  I  suspected  something  like  that.  Actually  the  91  specimens  reported  on  were  only 
those  that  sank  when  the  pressure  was  doubled;  those  that  didn’t  sink,  which  included  more 
than  half  the  Stemoptyx  specimens,  were  eliminated,  in  doing  this  I  hoped  to  obtain  true 
values  for  the  surface  volumes  uninfluenced  by  such  factors  as  migration  or  retrieval  from 
great  depths. 

McCartney  :  So  the  volumes  are  biased  to  those  which  would  be  low,  in  fact. 

Shearer:  Yes,  somewhat.  I  don’t  know  whether  It’s  statistically  legal,  but  the  majority  of  all 
specimens  of  the  four  species  would  sink  by  doubling  the  pressure.  In  many  of  the  Sternoptyx 
diaphana  specimens  the  stomach  was  extruded  from  the  mouth  so  that  perhaps  I  was  trying  to 
compress  the  stomach  too. 

McCcetney :  What  worries  me  about  the  technique  is  that  the  combined  characteristics  of  the 
gas  and  the  surrounding  swimbladder,  if  stiff,  may  not  follow  Boyle’s  law  to  external  pressure 
changes.  I  have  a  comment  on  your  final  statements  about  other  parameters.  If  the  swim¬ 
bladder  is  a  hydrostatic  organ,  one  would  presume  that  weight  would  be  the  best  parameter  on 
which  to  base  regression  lines. 

Shearer:  Yes,  and  perhaps  volume  as  wefl. 

McCartney  :  Weight  or  volume  of  fish.  There  are  available,  especially  for  commercial  fish, 
regression  lines  of  weight  on  length  which  would  enable  you  to  compare  this. 

Dunlap:  It  was  interesting  that  you  used  M.  nitidulum  in  the  Atlantic,  and  I  did  it  in  the 
Pacific.  Did  the  adults  have  seemingly  completely  gas-filled  swimbladder*?  It  would  be  very 
interesting  to  compare  the  same  species  from  the  Atlantic  and  the  Pacific. 


Shearer:  Yes,  there  was  gas  present. 
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Stewrr  WeB,  I  rmle  two  sMumpaom  I?  m^ht  either  set  passively  or  actively,  but  !  <hdr’T 
come  to  «n>  ptf'Kul  -  conclusion 

Alexander  >  wonder  whether  the  percentage  figures  you  gave  for  12-kHz  resonance  were  in¬ 
tended  to  Hugest  passive  response. 

Shearer.  The  values  were  much  higher  in  the  passive  condition  than  in  the  active. 

Alexander  But  you  did  not  feel  that  you  got  any  evidence  here  as  to  which  is  happening? 

Shearer.  No,  and  I  don’t  think  anyone  has  when  you  come  right  down  to  it. 

Alexander:  Hie  other  question  I  wanted  to  ask  was  whether  you  tried  to  get  a  swimbladder 
volume  equation  baaed  on  weight. 

Shearer:  No,  it  is  hard  to  weigh  fish,  at  sea,  and  the  only  measurement  that  1  could  take 
accurately  was  their  length.  I  also  checked  some  of  their  volumes  by  the  displacement  method 
but  that’s  also  pretty  difficult  to  do  at  sea. 

D’Aoust:  I  want  to  say  I  enjoyed  the  paper  too.  1  wonder  if  it's  possible  to  get  around  this 
uncertainty  about  the  accuracy  of  volume  measurements  strictly  with  compression.  I  am  sure 
one  could  use' the  instrument  by  pulling  on  it  as  well. 

Shearer:  By  what? 

D’Aoust:  By  distention,  such  as  Dr.  Alexander  has  done,  and  get  some  sort  of  average.  The 
combination  of  the  behavior  of  the  fish  with  a  given  amount  of  decrease  and  increase  in  pressure 
might  be  a  way  to  get  the  type  of  regression  you  are  after. 

Shearer:  Well,  it  looks  like  there  is  really  a  lot  of  work  to  be  done.  In  fact,  trying  to  determine 
which  way  the  swimbladder  responds  to  changing  hydrostatic  pressure  seems  like  a  lifetime  job 
for  an  investteator. 

Weston  :  I  have  a  comment  regarding  your  final  remarks,  which  hint  at  some  other  parameters. 
These  are  really  the  observations  of  Harden-Jones  of  the  Fisheries  Laboratory  at  Lowestoft, 
but  they  were  taken  in  some  joint  experiments.  We  were  looking  at  pilchard  in  the  Bristol 
Channel  area  that  1  was  talking  about  yesterday.  A  lot  of  the  female  pilchard  were  gravid,  and 
there  was  hardly  any  swimbladder  left. 

Shearer:  I  noticed  that  in  looking  at  some  of  the  specimens  that  we  had.  It  appears  as  though 
ripe  gonads,  especially  ovaries,  so  completely  fill  the  cavity  that  they  must  exert  a  compression 
effect  on  the  swimbladder. 

Hansen:  I  wonder  if  the  acousticians  and  the  biologists  would  consider  an  experiment  related  to 
this  topic  of  swimbladder  function  and  the  changes  occurring  within  a  swimbladder.  In  com¬ 
mercial  fishery  research,  there  are  now  available  very  small  sonar  tags,  little  capsules,  which  ire 
placed  on  the  fish  and  then  tracked.  What  1  am  considering  is  what  would  happen  if  one  could 
precalibrate  such  a  capsule,  surgically  insert  it  alongside,  but  not  within,  s  swimbladder  and  then 
observe  a  fish  in  migration  and  observe  the  changes  in  frequency  which  would  probably  be 
related  to  resonance  of  the  swimbladder. 
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*(fcr  t'n  f  jr  the  scoutfsai  iewnpuora  thu  w«  had  yestertky.  it  dtouid  be  posrible  that, 
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Nadoer  functions  lice  volume  rt  pres*m  This  is  an  experiment  I  would  like  to  suggest. 

Shearer  Do  you  have  the  name  of  the  manufacturer  of  those? 

Hamm.  Yes,  and  1  will  see  you  afterwards. 


ACOUSTIC  SCATTERING  FROM 
ZOOPLANKTONIC  ORGANISMS 


Paul  Beamish 
Bedford  Institute 
Dartmouth,  Nova  Scotia,  Canada 


ABSTRACT 


Sound  scattering  lrom  a  zooplanktonic  organism,  the  euphausiid,  was  measured.  Four- 
fifths  of  the  acoustic  scattering  from  euphausiids  wu  found  to  be  caused  by  the  compressi¬ 
bility  contrast  The  remaining  one-fifth  is  attributed  to  the  density  contrast.  The  back- 
scattering  cross  section  of  a  typical  euphausiid  was  found  to  be  1.4  X  10“  cm^  at  102  kHz. 
Sounders  with  frequencies  of  about  12  kHz  will  produce  a  scattering  cross  section  of  the 
order  3  X  10-8  cm^  for  an  average-sized  euphausiid. 


Acoustic  scattering  from  zooplanktonic  organisms  occurs  because  of  the  acoustic  impedance 
contrast  between  the  animals  and  the  surrounding  water;  that  is,  because  some  of  the  physical 
properties  of  the  animals  are  different  from  the  corresponding  properties  of  the  water.  Hie 
impedance  contrast  in  its  basic  form  consists  of  a  difference  in  compressibility,  a  difference  in 
density,  or  a  combination  of  both  factors.  The  primary  purpose  of  our  studies  at  the  University 
of  British  Columbia  (Beamish,  1969  and  1971)  was  to  determine  the  degree  to  which  these  fac¬ 
tors  contribute  to  plankton  echoes.  Four-fifths  of  the  acoustic  scattering  from  euphausiid*  was 
found  to  be  caused  by  the  compressibility  contrast.  The  remaining  one-fifth  is  attributed  to  the 
density  contrast. 

Furthermore,  it  was  possible  to  measure  backscattering  cross  sections;  therefore,  it  becomes 
feasible  to  predict  the  sc  'taring  strengths  of  zooplanktonic  organisms  as  a  function  of  their  size 
and  of  the  frequency  uf  Uie  incident  sound,  i  be  backscattering  cross  section  of  a  typical  euphausiid 
was  found  to  be  1.4  x  10“ 4  cm*  at  102  kHz.  The  scattering  cross  section  is  proportional  to  the 
fourth  power  of  the  incident  frequency  when  the  product  of  the  wave  number  and  the  mean 
radius  of  the  animal  is  small.  Thus,  the  commonly  used  sounders  with  frequencies  of  about 
12  kHz  will  produce,  for  an  average-sized  euphausiid,  a  scattering  cross  section  of  the  order 
3  X  10~8  cm2.  It  is  doubtful,  therefore,  that  either  the  concentrations  of  these  animals  or  die 
signal-tonoise  ratios  of  commonly  used  12-kHz  sounders  are  high  enough  to  permit  the  acoustic 
detection  of  euphausiids  at  this  frequency. 

More  recent  studies  (Beamish  and  Mitchell,  197 1)  have  revealed  what  may  be  an  acceptable 
acoustic  cross  section  of  euphausiids  for  s  baleen,  plankton-feeding  whale.  Furthermore,  it 
appears  that  these  whales  may  have  developed  highly  sophisticated  plankton  echolocatton 
signals. 
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Beamish.  P  C  and  £  Mitchell  197]  Ultrasonic  sounds  recorded  in  the  pretence  of  a  blue 
whale  Baiaenopirrc  muscuius  Deep-Sea  Res  (in  prest). 

DISCUSSION 

Kinzer  I  admire  your  discovery  about  this  natural  sound  source  in  the  baleen  whale.  Do  you 
know  how  they  produce  a  sound,  the  mechanism  of  sound  production? 

Beamish:  No.  We  believe  that  these  might  be  the  first  echolocation  signals  heard  from  baleen 
whales  (mystioetes).  Other  people  have  been  looking  mostly  in  the  audio  region.  There  is  quite 
a  lot  known  about  sounds  and  the  related  physiology  of  the  toothed  whales  (odontocetes).  To 
comment  on  your  question,  Ed  Mitchell  and  I,  working  at  the  Blanford  Whaling  Station,  are 
studying  in  detail  the  physiology  of  the  middle  ear  and  the  transmission  apparatus  of  mysticetes. 
Maybe  we’ll  know  more  about  these  in  the  future.  Let  me  say  that  it  looks  absolutely  fascinating 
from  a  physics-acoustics  point  of  view.  I  have  an  earbone  (a  tympanic  bulla)  of  a  fin  whale  in  my 
briefcase,  and  we  can  look  at  that  from  an  acoustic  point  of  view.  Maybe  by  this  time  next  year 
we’ll  be  able  to  tell  you  something  about  some  of  the  acoustic  properties  in  the  transmission 
and  reception  areas. 

McEtroy :  You  discussed  the  quadripole  factor  and  then  essentially  indicated  later  that  it  was 
probably  not  significant.  I  was  wondering  how  you  made  that  decision  on  the  basis  of  a  mea¬ 
surement  made  at  what  looked  to  me  to  be  two  different  angles. 

Beamish:  I  would  like  to  show  you  some  slides  later  on  of  a  computer  analysis  that  we  did  of  an 
tuphausiid  composed  of  very  many  spheres.  I  was  treating  a  single  sphere  on  the  black¬ 
board.  Our  analysis  showed  us  that,  assuming  the  Bom  approximation,  we  could  treat  the  animal 
as  a  aeries  of  spheres,  and  looking  at  the  individual  spheres  themselves  using  our  wave  number  as 
well  as  approximate  compienibilities  and  densities,  we  computed  that  the  coefficients  of  the 
quadripole  terms  were  small  compared  to  the  coefficients  of  the  dipolar  terms.  In  this  case  we 
computed  that  the  energy  ratios  (the  upper  to  the  outer  hydrophone)  would  not  change  ap¬ 
preciably,  and  therefore  not  alter  the  results  that  the  isotropic  scattering  had  a  great  deal  more 
effect  than  the  dipolar  or  cosine  type  of  scattering. 


ON  THE  CONTRIBUTION  OF  EUTHAUSIIOS 
AND  OTHER  PLANKTON  ORGANISMS 
TO  DEEP  SCA1TERING  LAYERS 
IN  THE  EASTERN  NORTH  ATLANTIC 

Johannes  Kinzer 

Institut  fur  Hydrobiologie  und  Fischereiwissenschaft 
Universitdt  Hamburg,  Gtrmary* 


ABSTRACT 

In  an  area  ptxnst  60  mile*  off  the  Portuguese  coast,  a  scries  of  IS  samples  was  collected 
with  a  large  Lowcstoft-High-Speed  Plankton  Sampler,  equipped  wiin  a  revolving  bucket  iy»- 
tem  and  a  depth  and  (low  telemetering  pLnger.  The  oblique  hault  covered  the  depths  from 
below  the  deep  scattering  layer  (DSL)  to  the  suriace.  The  sonic  scattering,  presumably 
caused  by  fishes,  was  recorded  with  an  ELAC  echo  sounder  at  a  frequency  of  30  kHz.  During 
the  daytime  ths  DSL  was  observed  at  a  depth  of  3S0  to  600  m.  Similar  to  previous  observa¬ 
tions  in  ths  subtropical  eastern  North  Atlantic,  there  was  during  daytime  a  pronounced  max¬ 
imum  of  biomass  at  the  DSL  depth,  with  euphsusiids  dominating  in  the  upper  portion  and 
copepods  prevailing  in  the  lower  part  Where  large  numbers  of  enphauiiids  (1 ,6/nr.^)  occurred, 
the  plankton  biomass  of  the  upper  DSL  was  up  to  80%  larger  than  at  neighboring  depths. 

The  distribution  of  the  more  abundant  euphsusbd  species  is  described.  Below  the  DSL 
and  between  depths  of  300  and  100  m,  only  low  plankton  volumes  were  observed.  The 
few  samples  collected  at  night  indicate  that  while  the  majority  of  euphausiidk  (mostly 
Meganycrtphenet  norvefic*)  had  already  reached  the  surface  layer,  the  copepods  slowly 
descended  to  depths  below  the  DSL  After  sunrise  the  copepods  reentered  the  DSL  The 
samples  from  off  the  Portuguese  coast  are  compared  to  a  series  of  hauls  collected  in  the 
Norwegian  Sea  with  a  Ldnghurst-Hardy  Plankton  Recorder.  Quite  in  contrast  to  the  samples 
from  the  eastern  subtropical  Atlantic,  no  coacen'rttior.  of  zooplankton  has  been  observed  at 
the  depth  of  the  DSL 


INTRODUCTION 

There  it  evidence  that  the  depth  of  deep  scattering  layers  (DSL)  is  regulated  by  the  vertical 
distribution  of  light  (Boden  and  K«npa,  1967,  Clarke  end  Backus,  1964;  Dick  ton,  19n9). 

Betides  the  direct  effect  of  light  by  which  the  DSL  follows  the  movement  of  isolumes  during  the 
daytime,  plankton  concentrations  at  the  daytime  level  of  the  DSL  also  teem  to  attract  fish. 
Except  for  a  few  investigations  by  Osterberg,  Pearcy  .and  Curt  ( 1964) aad  by  Kinzer  (1969),  we 
unfortunately  know  practically  nothing  about  the  prey-predator  relationship  of  organisms  within 
the  diurnal  depth  range  of  the  DSL 

As  a  basis  for  food-web  studies  we  still  lack  observations  on  the  quantitative  and  qualitative 
composition  of  plankton  and  nekton  with  the  DSL  and  its  neighboring  depths.  Because  of  the 
specific  transport  mechanism,  the  euphausiids  contribute  greatly  to  a  faster  transport  of  nutrients 

•New  Addreu:  Instiiut  fur  Meereikunde  an  der  UniveniUt  Kiel 
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it  is  hoped  that  the  design  of  mote  effective  nckion  samplers  fot  stratified  h«uj  from  seiec *ed 
depth*  will  stimulate  more  intensive  studies  on  the  food*web  relationship  of  orgamsms  within 
the  DSL,  which  eventually  will  lead  toward  an  undemanding  of  the  role  of  sonic  scattering  layers 
in  the  vertical  transport  of  organic  matter. 

METHODS 
Plankton  Samplers 

On  cruise  15  of  R/V  Meteor,  August  1968,  in  the  eastern  part  of  the  Iberian  Abyssal  Plain  off 
the  Portuguese  coast,  a  large  Lowestoft  High-Speed  Plankton  Sampler  was  used,  with  a  mouth 
opening  of  4fi  cm  in  diameter  and  a  400  /i  Monyl  net  (Beverton  and  Tungate,  1967).  The 
sampler  was  equipped  with  a  revolving  bucket  system1  actuated  from  the  vessel  through  a  single- 
conductor  cable.  The  flowmeter  of  the  depth  and  flow  telemetering  pinger*  was  mounted  in 
the  frontal  opening  of  the  sampler.  Towirg  speed  averaged  5  to  6  knots.  Sampling  was  done  in 
oblique  hauls  from  a  depth  of  700  m  to  the  surface,  thereby  covering  the  depth  of  approximately 
100  m  below  the  lower  border  of  the  DSL.  Five  samples  were  obtained  in  each  haul:  (1)  700  to 
600  m  (below  the  DSL),  (2)  600  to  420  m  (lower  part  of  the  DSL),  (3)  420  to  300  m  (upper  part 
of  the  DSL),  (4)  300  to  100  m  (intermediate  depth),  and  (5)  100  to  0  m  (surface  sample).  Aver¬ 
age  sampling  time  for  each  of  the  five  selected  depth  ranges  was  15  min. 

For  sampling  in  the  Norwegian  Sea  during  a  7-day  sampling  station  on  cruise  1 30  of  R/V 
Anton  Dohm,  a  Longhurst-Hardy  plankton  recorder  (LHPR)2  (Longhurst  ,  Reith,  Bower,  and 
Seibert,  1966)  was  used,  together  with  Bongo  twin  nets.  Both  nets  were  mounted  in  a  steel 
frame,  with  one  attached  to  the  LHPR,  the  other  equipped  with  a  bucket.  The  nets  had  an  open¬ 
ing  71  cm  in  diameter  and  were  built  according  to  the  original  design  by  McGowan  and  Brown 
(1966).  Mesh  size  (in  square  aperture)  of  the  net  was  500  m-  Sampling  was  done  in  oblique 
hauls  to  a  depth  of  about  630  m  st  a  ship’s  speed  of  2.5  knots.  The  gaure  advance  had  been  set 
at  0.5-min  intervals.  As  the  duration  of  each  haul  averaged  60  to  70  nun  Bid  the  LHPR  was  col¬ 
lecting  both  portions  of  the  oblique  haul,  about  120  samples  were  obtained  in  each  haul. 

Ail  samples  were  preserved  In  40%  formalin,  buffered  with  hexamethylenetetramine.  The 
samples  collected  with  the  LHPR  were  preserved  in  total  on  the  gauze  in  4%  to  6%  formalin. 
Rinsing  the  samples  from  the  gauze  into  the  bottles  was  done  in  the  laboratory. 


Echo  Sounders 

On  cruise  15  of  R/V  Meteor  an  ELAC  echo  sounder  was  used,  operating  with  a  power  output 
of  4.5  kw  at  a  frequency  of  30  kHz.  The  pulse  length  of  the  sounder  was  set  at  30  msec.  As  the 
transducer  has  a  sonic  beam  of  only  2.7*,  he  depth  of  the  DSL  recorded  in  the  echograms 
(Figs.  2  to  6)  corresponds  to  its  actual  depth. 

In  the  Norwegian  Sea  (hiring  cruise  1 30  of  R/V  Anton  Dohm  ,  the  DSL  also  was  recorded  at 
30  kHz,  but  using  an  Atlas  “Flshfinder"  echo  sounder. 


1Hoduced  by  Hydmbto*,  KM  F.ILG. 

^Produced  by  Ecethot,  Inc.,  North  FsfcnouO).  M.ttt.,  U  S  A- 
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RESULTS 

Eastern  Subtropical  Atlantic 

During  cruise  15  of  R/V  Meteor ,  a  series  of  15  samples  was  collected  between  5  and  9  October 
1968  in  an  area  160  to  50  miles  off  the  Portuguese  coast  at  an  average  sounded  depth  of  3000  m. 
The  location  of  sampling  is  shown  in  Figure  1.  As  can  be  seen  from  Figures  2  to  6,  the  daytime 
depths  of  the  two  components  of  the  scattering  layer  were  between  320  and  600  m.  The  upper 
layer  varied  somewhat  from  day  to  day  in  its  strength  and  vertical  depth  range,  whereas  the 
layer  component  of  the  DSL  revealed  little  changes.  Both  layers  performed  the  characteristic 
rise  to  the  surface  at  dusk  and  descent  to  their  daytime  depth  after  sunrise.  The  echograms  also 
show  a  considerable  amount  of  scatterers  remaining  at  their  daytime  depth  during  the  night.  In 
Figures  2  to  6  the  biomass  of  each  of  the  five  samples  from  each  haul  is  illustrated,  together  with 
the  number  of  copepods  and  euphausiids  per  100  ms.  For  a  comparison  of  the  depth  distribution 
of  sonic  scatterers  (not  identified)- to  the  zooplankton  sampled  from  each  depth  level,  the  route 
of  the  sampler  is  indicated  in  the  echograms. 

As  to  the  quantitative  distribution  of  zooplankton,  the  following  data  were  obtained: 

Stations  44  to  48,  5  October  1968  (Fig.  2) 

During  the  daytime,  both  hauls  (Sta.  44, 46)  exhibited  the  maximum  biomass  at  the  depth  of 
the  upper  DSL  because  of  large  numbers  of  adult  euphausiids  (0.8  to  0.9  ind./m3).  Also,  the 
lower  portion  of  the  DSL  was  richer  in  biomass  than  in  samples  from  above  and  below  the  DSL. 
After  sunset  (Sta.  47, 48),  the  depth  of  the  DSL  seemed  depleted  of  zooplankton;  and  its  main 
constituents,  the  euphausiids,  were  observed  in  the  surface  water  (1 .5/m3). 
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Figure  1.  Location  of  plankton  sampling  in  the  eastern  North 
Atlantic  during  cruise  15  of  R/V  Meteor 
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Figure  2.  Towiag  paths  of  Louwstoft  plankton  sampler 
at  stations  44,  46, 47,  and  48  during  5  October,  and  the 
displacement  volume  collected  at  each  depth  ’evel,  to¬ 
gether  with  number  of  copepods  and  adult  euphaushds. 
(1.  beneath  DSL  -——====:  2.  DSL  620420  m  = 
3.  DSL  420-300  m  4.  intermedi- 

ate  depth  =  5.  surface  ~  HBHH v  = 

volume,  e  =euph*uiii<L.)  Sound  scattering  was  recorded 
at  30  kHz. 
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Figure  3.  Towing  path*  of  sample;,  and  plankton  distribution  at  station 
49  end  50  during  6  October  (see  Fig.  2  for  explanation  of  histogram) 
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Figure  4.  Towing  paths  of  sampler,  and  plankton  distribution  at  stations  57, 58  and  59  during 
7  October  (see  Fig.  2  tor  explanation).  At  station  57  sampling  failed  at  largest  depth. 
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Figure  S.  Towing  paths  of  sampler,  and  plankton  distribution  at  sta¬ 
tions  65  and  66  during  8  October  (see  Fig.  2  for  explanation).  At 
station  66  the  recording  of  sound  scattering  was  disturbed. 
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Figure  6.  Towing  paths  of  sampler,  and  plankton  distribution  at  stations  73,  74,  75,  and  77 
during  S  October  (see  Fig.  2  for  explanation). 
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As  to  the  distribution  of  the  copepods,  the  maximum  observed  at  the  upper  depth  level  of  the 
DSL  (Sta.  44, 1 100  hours)  had  descended  continuously  to  the  lowest  depth  of  sampling  (Sta.  47, 
700  to  600  m).  By  midnight  (Sta.  48)  the  mass  of  copepods  apparently  had  continued  their 
descent  to  a  depth  below  700  m. 

Stations  49  and  50, 6  October  1968  (Fig.  3) 

On  the  following  day  prior  tc  sunrise,  the  largest  number  of  euphausiids  was  observed  descend¬ 
ing  from  the  surface  (1.3  ind./m3  in  sample  5  and  0.3  ind./m3  in  sample  4).  At  about  09G0 
hours  (Sta.  50),  the  biomass  at  both  scattering-layer  depths  had  reached  its  maximum  again; 
whereas  the  bulk  of  copepods  had  ascended  from  below  the  scattering-layer  depth  into  the  lower 
DSL.  During  the  day,  only  a  few  euphausiids  were  caught  at  all  depths. 

Stations  57  to  59,  7  October  1968  (Fig.  4) 

Again  only  a  few  euphausiids  were  observed  at  all  depths  sampled  during  the  daytime.  The 
richest  population  of  copepods  was  found  at  the  depth  of  the  lower  DSL  (60  ind./m3  at  Sta.  59); 
thus  the  maximum  biomass  was  located  at  this  depth.  In  the  surface  sample,  an  increasing  num¬ 
ber  of  pieropods  was  observed. 

Stations  65  and  66, 8  October  1968  (Fig.  5) 

A  distinct  maximum  number  of  euphausiids  (1 .4  and  1 .6  ind./m3)  occurred  at  the  depth  of 
the  upper  DSL.  The  catches  indicated  that  the  highest  population  was  at  the  scattering-layer 
depth  during  the  cruise.  At  that  day  another  maximum  concentration  of  euphausiids  was  found 
at  the  surface  (2.2  ind./m3),  although  the  surface  sample  was  collected  two  hours  after  sunrise. 
Even  at  depths  from  320  to  100  m,  both  hauls  appeared  quite  rich  in  biomass,  partly  because  of 
the  concentration  of  euphausiids. 

Stations  73  to  77, 9  October  1968  (Fig.  6) 

Differing  from  the  echograms  of  the  days  before,  an  additional  scattering  layer  was  observed 
between  about  150  and  200  m.  Except  for  the  extremely  rich  surface  plankton  in  which  the 
pteropod  Cavolinia  inflexa  outnumbered  even  the  copepods,  the  biomass  was  poor  at  all  depths. 
Soon  after  sunrise  (Sta.  73),  part  of  the  descending  euphausiids  weie  sampled  between  320  and 
100  m  (0.7  ind./m3).  During  the  afternoon  another  distinct  maximum  in  the  distribution  of 
euphausiids  was  observed  at  Station  77  at  the  depth  of  the  upper  DSL  (0.9  ind./m3). 

Species  Distribution  of  Euphausiids  and  Siphonophores 

Copepods  and  euphausiids  outnumbered  all  other  plankton  organisms  at  the  scattering-layer 
depth.  Of  the  chaetognaths,  siphonophores,  ostracods,  and  amphipods,  surprisingly  few  speci¬ 
mens  were  caught. 

As  to  the  euphausiids,  six  species  have  been  observed  in  the  samples  from  the  DSL  and 
neighboring  depths:  Meganyctiphanes  norvegica,  Euphausia  krohnii,  Nematobraehlon  boopis, 
Nematoscetis  megabps,  Thysanoem  gregaria,  and  Stylocheiron  ebngatum.  In  DSL  samples 
containing  rich  numbers  of  euphausiids,  M.  norvegica  outnumbered  by  far  any  other  species, 
particularly  at  Stations  46, 65,  and  66.  Except  for  Af.  norvegica,  it  appears  from  the  preliminary 
results,  that  E.  krohnii  and  N.  boopis  have  been  the  prevailing  species  at  depths  of  sonic  scatteiers. 
According  to  plankton  samples  collected  at  the  same  location  (Fig.  1)  in  vertical  hauls  with  the 
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Helgoland  larvae  net,  which  is  equipped  with  a  revolving  bucket  system,  both  species  also  ap¬ 
peared  during  the  daytime  in  depths  of  800  to  1,000  m-the  maximum  sampling  depth. 

Among  the  siphonophores,  which  in  other  areas  may  largely  contribute  to  sound  scattering 
(Barham,  1963),  only  nectophores  of  the  Calycophorae  were  observed  at  scattering  layer  depths 
between  350  and  600  m.  Where  plankton  was  abundant  within  the  DSL,  the  maximum  in 
siphonophores  also  occurred.  The  prevailing  species,  particularly  in  the  upper  DSL,  have  been 
Rosacea  plicata  and  Vogtia  glabra ,  averaging  0.1  to  0.2  nectophores/m3.  Both  spedes  are 
mesopelagic  or  bathypelagic  and  are  quite  common  in  warmer  seas  (Leloup,  1955;  Kinzer,  1965). 
Less  abundant  in  our  samples  from  the  DSL  have  been  Vogtia  spinosa  and  Lensiafowleri. 

Of  the  faster  swimming  micronekton,  only  small  cephalopods,  Caridean  shrimps  (Acanthephyra 
and  Systellaspis),  and  young  sternoptychids  occasionally  were  caught  with  the  Lowestoft  sampler, 
all  of  them  either  at  the  depth  of  the  lower  DSL  or  below. 

Norwegian  Sea 

From  the  samples  collected  with  the  LHPR  in  the  Norwegian  Sea  at  a  position  62°  59"  N., 

03°  44'  E,  only  a  few  preliminary  data  are  yet  available.  Figures  7  to  12  show  the  zooplankton 
distribution  on  8  and  9  August  1969  in  six  hauls  from  depths  of  0  to  600  to  0  m.  During  the 
7  days  of  sampling  the  migratory  DSL  was  observed  between  300  and  500  m  in  the  daytime, 
ascending  and  descending  in  the  typical  diurnal  cycle.  From  the  few  data  already  at  hand,  it 
seems, that  the  diurnal  vertical  migration  of  copepods,  euphausiids,  and  pteropods  was  more  or 
less  restricted  to  the  upper  150  m  of  the  water  column.  A  pronounced  maximum  in  copepod 
distribution  occurred  just  below  the  scattering-layer  depth,  possibly  a  result  of  hibernating  stocks 
of  Calanus  finmarchicus  (Hansen,  1960).  Very  few  euphausiids  were  caught  below  120  m.  Even 
adult  M.  norvegica,  a  species  well  known  for  its  large-range  vertical  migration  (Mauchline  and 
Fisher,  1969),  were  sampled  only  in  the  upper  120  m  during  the  day. 

The  scarcity  of  euphausiids  in  the  samples  from  the  lower  layers  may  possibly  be  due  to  the 
sampling  technique  used.  To  maintain  a  position  near  an  anchored  radar  buoy,  the  ship  was 
steered  in  a  half  circle  at  2.5  kts.  Further,  the  sampling  vehicle  was  towed  with  a  heavy  16-mm 
cable,  which  resulted  in  a  steep  wire  angle.  Thus  the  net  was  actually  moving  in  a  small  circle  at 
reduced  speed  and  the  euphausiids  could  have  effectively  avoided  the  nets. 

DISCUSSION 

The  plankton  volumes  observed  off  the  Portuguese  coast  correspond  well  to  the  data  collected 
during  our  prior  cruises  in  the  eastern  North  Atlantic  (Kinzer,  1969).  At  daytime,  the  plankton 
volumes  between  700  m  and  the  surface  were  largest  at  the  scattering-layer  depth,  mostly  because 
of  aggregations  of  euphausiids  and  copepods. 

As  can  be  seen  from  Figures  2  to  6,  little  positive  correlation  exists  between  the  strength  of 
scattering  and  the  observed  plankton  distribution.  At  Sta.  66  (Fig.  5),  unfortunately  the  record¬ 
ing  of  the  echo  sounder  has  been  disturbed.  In  sample  no.  3  of  both  Sta.  65  and  66,  from  the 
upper  DSL,  the  largest  concentrations  of  euphausiids  had  been  observed;  about  90%  of  them  were 
adult  M.  norvegica,  which  possibly  added  to  the  backseat  ter  ing  of  the  30-kHz  sound  pulses. 

There  have  been  pronounced  variations  in  plankton  volumes  at  all  depths,  particularly  within 
the  DSL  Besides  the  effect  of  inefficiency  of  sampling,  these  variations  in  biomass  are  probably 
a  result  of  patchiness  in  zooplankton  distribution  or  restricted  grazing  by  fishes  and  other 
organisms  on  the  plankton  community.  Patchiness  of  plankters  sho-Ud  be  largest  among  the 
euphausiids,  particularly  in  M.  norvegica,  which-at  least  in  surface  waters-are  known  to  swarm 


484 


KINZER 


(b) 


Figure  7.  Vertical  distribution  of  die  more  abundant  zooplankton  groups  as  collected 
with  the  LHPR  in  the  Norwegian  Sea.  The  arrow  indicates  the  descending  and  ascending 
profile  of  haul.  Temperature  distribution  was  recorded  by  the  LHPR-eystem.  The  histo¬ 
grams  show  (a)  the  distribution  of  copepods  and  pteropods  and  (b)  the  distribution  of 
adult  euphauahds,  Mepmyctiphanet  narngict,  chaetognaths,  and  siphonophores. 
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Figure  8.  Vertical  distribution  of  zooplankton  from  0  to  440  m  (descending  pro¬ 
file)  (see  Fig.  7  for  explanation) 
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Figure  9.  Vertical  distribution  of  zooplankton  from  0  to  680  m  (see  Fig.  7  for 

explanation) 
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Figure  10.  Vertical  distribution  of  zooplankton  from  0  to  480  m  (see  Fig.  7  for 

explanation) 
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Figure  12.  Vertical  distribution  of  zooplankton  from  0  to  680  m  (see  Fig.  7  for 

explanation) 


(Aitken,  1960;  Mauchline  and  Fisher,  1967).  Unfortunately,  we  still  lack  data  on  the  patchiness 
of  plankton  distribution  within  sonic-scattering  layers. 

Earlier,  Hersey  and  Moore  (1948)  and  Bodcn  (1950)  had  suggested  that  euphausiids  are 
important  elements  of  deep  scattering  layer*.  Tucker  (1951)  gave  evidence  from  stratified  hauls 
about  the  depth  distribution  of  euphausiids,  indicating  that  during  daytime  thete  plankters  con¬ 
centrate  in  the  upper  DSL  and  ascend  to  the  suiface  layer  at  night.  Our  observations  from 
stratified  sampling  in  the  subtropical  eastern  North  Atlantic  have  added  further  evidence.  From 
the  samples  collected  off  the  Portuguese  coast,  the  dominance  of  euphausiids,  particularly  in  the 
upper  layer,  again  became  obvious.  Because  of  the  40-cm  opening  of  the  high-speed  sampler, 
larger  M.  norvegica  were  also  caught  (total  length  about  34  mm)  and  at  stations  65  and  66  were 
by  far  the  dominant  specks. 

At  nighttime,  adult  euphausiids  prevailed  in  the  surface  samples;  and,  with  few  exceptions, 
the  depth  of  the  DSL  appeared  depleted  of  euphausiids.  According  to  Mauchline  and  Fisher 
(1969)  all  euphausikl  species  concerned  migrate  at  least  between  the  observed  daytime  depth  of 
the  DSL  and  the  surface,  except  Styhchdron  cbngtttum  and  poedbly  tfematobmehton  bodpts , 
which  are  considered  to  be  permanently  mean  pelagic. 

During  the  Atlantic  Seamount  Cruise  of  R/V  Meteor  (March  to  July  1 967),  we  found  large 
concentration*  of  euphausiids  within  the  DSL  Furthermore,  we  observed  a  seamount  effect  on 
the  euphausiids  On  a  transect  near  Great  Meteor  Seamount  (at  30*  00*  N,  28*  20'  W), 
euphausiids  aggregated  during  the  daytime  b)  the  upper  part  of  tie  DSL  between  350  and  500  m 
(KinrcE,  1969).  Samples  collected  at  night  in  the  near  vicinity  cf  the  Great  Meteor  Seamount 
from  depths  between  100  m  and  the  surface  contained  large  numbers  of  adult  euphaudkk; 
whereas  at  the  same  time  only  juvenile  specimens  of  euphauMkts  were  caught  above  the  seamount. 
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The  Great  Meteor  Seamount  reaches  from  about  a  4500-m  depth  to  270  m  from  the  surface; 
thus  the  plateau  of  the  seamount,  which  is  about  30  miles  in  diameter,  lies  above  the  depth  of 
the  DSL  during  daytime.  Off  the  seamount,  euphausiids  ascended  to  the  surface  at  dusk,  par¬ 
ticularly  adult  Euphausia  hemigibba,  a  species  with  a  pronounced  range  of  diurnal  vertical  migra¬ 
tion.  Because  E.  hemigibba  was  mL  ig  in  samples  from  above  the  seamount,  and  only  juvenile 
Stylocheiron  suhmii  and  few  Nematoscelis  were  oDserved,  plankton  samples  collected  during  the 
night  within  the  400-m  isobath  have  been  strikingly  poorer  in  volume  than  those  collected  off 
the  seamount  plateau.  The  same  seamount  effect  was  observed  at  Josephine  Seamount,  located 
at  36°  43'  N,  14°  18'  W.* 

In  the  Norwegian  Sea,  quite  in  contrast  to  our  observations  from  the  lower  latitudes  in  the 
eastern  North  Atlantic  during  this  and  previous  studies  (Kinzer,  1969),  no  aggregations  of 
zooplankton  were  observed  at  the  scattering-layer  depth.  The  slow  towing  speed  of  the  sampler 
at  depth  .night  have  attributed  to  the  small  number  of  euphausiids  caught  at  depths  below  120 
m;  and  the  low  temperature  at  the  scattering-layer  depth  and  below  also  might  have  had  some 
effect  on  the  restricted  vertical  distribution  of  euphausiids  According  to  Moore  (1950)  and 
Lewis  (1954)  who  compared  the  depth  distribution  of  euphausiids  in  various  regions  of  the 
western  North  Atlantic  and  the  Mediterranean  Sea,  the  lower  depth  limit  of  several  euphausiid 
species  is  markedly  affected  by  temperature.  Because  only  a  small  fraction  of  the  LHPR  samples 
from  the  Norwegian  Sea  has  yet  been  analyzed,  a  discussion  should  be  postponed  until  further 
data  from  the  samples  are  available. 
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DISCUSSION 

Love.  How  big  were  tlu.  euphausiid*  and  copepods? 

Kinzer.  The  euphausiids,  which  as  I  pointed  out,  were  up  to  90  percent  o ( Mcgmyctiphsnes 
norvegica,  average  about 1 4  cm  in  size. 

Love:  And  copepods? 

Kinzer  Subtropical  copepods  averaged,  I  would  say,  2  to  3  mm  in  our  samples. 
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ABSTRACT 

Or-  £  tw.  1  ip  joint  operation  in  October  1968,  observations  were  made  of  biological 
scattering  cc.iuitions  at  three  stations  off  southern  California,  Baja  California,  and  Guadalupe 
Island,  Mexico.  Echograms  obtained  from  a  programmed  Precision  Depth  Recorder  (PDR) 
were  correlated  with  simultaneously  obtained,  quantitative  acoustic  volume  scattering  data, 
both  at  .12  kHz,  while  direct  observations  from  a  submersible  vehicle  above,  in,  and  below 
deep  scattering  layer  (DSL)  depths  were  correlated  with  near-simultaneous  closing-net  hauls. 

In  most  cases  yolume  scattering  coefficients  (i.e.,  10  log  mj  with  peaks  in  the  -50  to 
-70  dB  range  agreed  well  with  those  subcomponents  of  the  DSL  most  clearly  recorded  by  the 
PDR.  Direct  observations  from  the  submersible  of  presumed  biological  targets  (species)  were 
generally  in  good  agreement  with  net  collections  from  discrete  depths  within  the  DSL, 
although  number-  of  individuals  collected  were  not  always  representative  of  numbers  actually 
observed  and  counted. 

Under  the  best  circumstances  data  obtained  by  the  four  methods  of  observation  within 
a  time  limit  of  2  to  4  hours  showed  excellent  agreement  on  depths  of  peak  scattering  and 
resident  populations  within  those  depths  at  the  times  of  observation  The  most  prominent 
u.ological  species  observed  and  collected  from  migrating  DSL’s  showing  peak  scattering 
coefficients  were  euphausiid  shrimps  and  sergestid  prawns,  smaller  lantern  fishes  (myctophids), 
and  physonectid  siphonophores  (mostly  Nanomla  bifuga).  Species  most  prominently  seen 
and  collected  from  deeper  scattering  layers  registering  peak  scattering  coefficients  (either 
descended  DSL’s  or  nonmigratory  components)  included  bristlemouths  ( Cyclothone  spp.), 
larger  myctophids,  and  some  hatchetiishes  as  well  as  the  migratory  species  already  mentioned. 

Unusually  high  peak  scattering  coefficients,  on  the  order  of  -38  to  -39  dB,  recorded 
from  one  ship  while  hove-to,  correlated  exactly  with  the  depths  where  clusters  of  large  echo 
groups  (LEG’s)  were  recorded  by  the  PDR  of  the  nearby  team  ship  while  under  way. 

Neither  direct  observations  nor  net  collections  were  able  to  suggest  the  probable  identification 
of  these  prominent  targets. 


INTRODUCTION 

Many  ships  for  many  years  have  traversed  the  world  ocean  with  echo  sounders  recording 
continuously,  and  whether  by  design  or  accident,  a  great  deal  of  deep  scattering  layer  (DSL) 
information  has  accumulated.  For  an  even  longer  period  scientists  have  trawled  the  middepths 
of  the  sea,  collecting  and  describing  the  animal  populations  encountered.  In  the  25  years 
following  World  War  II  some  of  the  scientific  trawling  has  been  connected  with  DSL  research 
(Barham,  1956;  Marshall,  1951;Tucker,  1951). 
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Techniques  for  adequately  measuring  acoustic  scattering  and  volume  reverberation  in  the 
oceanic  water  column  have  evolved  largely  during  these  past  25  years  and  have  frequently  been 
devoted  to  studies  of  the  DSL  (Batzler  and  Westerfield,  1953;  Hersey,  Backus,  and  Hellwig, 
1962).  With  the  advent  of  the  bathyscaphe,  Trieste,  followed  by  the  Cousteau  ‘diving  saucer,” 
and  thereafter  an  entire  generation  of  research  deep  submersibles,  it  became  possible  for  a 
number  of  scientists  to  directly  observe  the  organisms  of  the  DSL  in  situ  (Barham,  1963  a  and  b; 
and  1966;  Mizikos,  1968)  and  occasionally  correlate  these  observations  witn  simultaneous 
acoustic  measurements  or  PDR  recordings  (Backus  et  al  1968;  Batzler  and  Barham,  1963  and 
1965;  Brown  and  Fessenden,  1969). 

Seldom,  however,  have  data  been  gathered  of  acoustic  volume  reverberation  whiie  scattering 
layer  organisms  were  collected  and  precision  echo-grams  recorded.  Rarer  still  are  the  oppor¬ 
tunities  to  make  such  measurements  and  collections  in  conjunction  with  direct  observations 
from  a  submersible  vehicle. 

Ir  October  1968,  such  an  opportunity  became  available  to  us  and  we  subsequently  made 
stations  off  Cabo  Colneti,  Baja  California,  Mexico  (one  dive,  one  net  haul,  acoustic  measure¬ 
ments,  echograms),  Guadalupe  Island,  Mexico  (net  hauls,  acoustic  measurements,  echograms, 
no  dives  due  to  weather),  and  in  the  San  Diego  Trough  about  20  mi  off  San  Diego,  California 
(two  dives,  net  hauls,  acoustic  measurements,  echograms)  (Figure  1). 

METHODS 

A  converted  search  and  rescue  vessel,  ths  USS  Marysville  (EPCER  857),  long  used  as  a 
research  ship  at  this  laboratory,  provided  the  platform  from  which  net  hauls  were  made  and 
echograms  obtained.  A  !iark  V  Precision  Depth  Recorder  (PDR),  set  at  a  long  ping  mode 
(20  to  30  msec),  was  slaved  through  a  GifFt  Precision  Sonar  Transceiver  (Model  ESRTR4B) 
controlled  by  a  GifFt  Sonar  Programmer  (Model  ESRPR-1).  This  permitted  gating  out  the 
bottom  return  when  it  interfered  with  the  trace  obtained  from  the  DSL.  An  EDO  12-kHz  UQN 
transducer  was  mounted  on  the  ship’s  sonar  column  and  lowered  to  a  depth  of  4  fathoms  (fm) 
below  the  sea  surface  when  in  operation  (1  fm  ~  1 ,83  m). 

The  M/V  Search  TLe,  an  offshore  oil-drilling  vessel  leased  by  Westinghouse  Corp.  as  the 
tending  vessel  for  the  research  submersible  Deepstar  4000,  provided  the  second  platform  for 
volume  reverberation  measurements.  A  12  kHz  directional  source  pointed  vertically  downward 
was  suspended  approximately  4  fm  below  the  sea  surface.  Generally,  each  test  consisted  of  10 
successive  pings  with  a  pulse  duration  of  25  or  50  msec.  Return  signals  were  recorded  on  a 
Honeywell  Visicorder,  a  high  speed,  strip  chart  recorder. 

A  distance  of  3  to  5  mi  was  maintained  between  the  ships  as  a  safety  factor  during  simulta¬ 
neous  net  hauls  and  submersible  launchings  and  to  avoid  sonic  interference  during  acoustic 
measurements.  Coordination  of  operations  was  expedited  by  rapid  communication  between 
members  of  the  two  scientific  teams  using  “handy  talky”  radios. 

Collections  of  DSL  organisms  were  made  using  a  Tucker  net  (Davies  and  Barham,  1969; 
Tucker,  1951)  towed  at  about  4  knots.  This  midwater  trawl  employs  a  clock-actuated  release 
mechanism  to  open  the  2-m*  mouth  of  the  net  at  a  preset  time  and  to  close  it  after  some 
designated  interval.  Thus,  the  net  was  open  and  fishing  only  at  the  desired  depth  within  the 
DSL.  The  depth  was  monitored  by  a  Benthos  Model  1020  Depth  Telemetering  Finger  which 
read  out  oi,  the  PDR  record,  permitting  a  continuous  appraisal  of  net  depth.  The  depth  of  the 
net  throughout  the  haul  was  further  monitored  by  a  Benthos  D-T  Recorder,  Model  1 170,  which 
yielded  a  depth  track  record  of  the  haul  after  retrieval  of  the  not. 
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Figure  1.  Station  location!  for  the  USS  Marysville- M/V  Search  Tide  joint 
operation,  14  to  18  October  1968 


The  Westinghouse  research  submersible  Deepstar  4000  is  a  3-man  vehicle  capable  of  sub¬ 
merging  to  a  depth  of  4000  ft  for  periods  up  to  12  hours.  It  has  provisions  for  a  pilot  and  two 
scientists,  one  of  whom  may  continuously  observe  through  one  of  the  two  viewing  ports.  The 
vehicle  can  hover  at  any  depth  and  has  a  forward  speed  of  approximately  1 .5  knots.  Basic 
equipment  includes  a  16-mm  movie  camera  with  a  1000-W  external  movie  light,  and  a  70-mm 
still  camera  equipped  with  strobe  flash.  The  movie  light  was  often  employed  to  aid  in  direct 
visual  observation.  All  observations  and  counts  were  recorded  on  magnetic  tape.  Typewritten 
transcripts  were  then  made  from  the  tapes  from  each  dive. 

RESULTS 
Cabo  Colnett 

Station  1 ,  approximately  60  mi  off  Cabo  Colnett,  Bq}a  California,  Mexico,  was  occupied 
briefly  on  14  October  1968.  Deepstar  Dive  48 1  was  made  between  1S30  and  1800  hours. 
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Scattering  layers  appeared  on  the  echogram  at  80  to  120  fm  and  180  to  200  fm  at  approxi¬ 
mately  1600  hours.  Peak  volume  scattering  coefficients  of  -62  dB  (upper  layer)  and  -57  dB 
(lower  layer)  were  measured  at  1600  ho  mis  (Figure  2).  We  use  here  the  decibel  form  10  log  my 
of  the  scattering  coefficient  ny  Its  relation  to  the  volume  scattering  strength  Sy  is  Sy  =  10  log 
(my/4ff),  a  difference  of  1 1  dB. 

During  the  descent  to  360  fm  from  1530  to  1617  hours,  Deepstar  passed  through  concentra¬ 
tions  of  euphausiid  shrimp  between  140  and  190  fm  (250  to  350  m),  hatchetfishes  between 
164  and  190  fm  (300  to  350  m),  Cycbthone  between  190  and  220  fm  (350  to  400  m)  and  a 
sparse  population  of  physonectid  (float-bearing)  siphonophores  throughout  the  water  column 
between  123  and  220  fm  (225  to  400  m).  During  the  ascent,  from  1625  to  1800  hours,  the 
populations  of  euphausiids  and  siphonophores  shifted  upward  \ery  little  (Figure  3).  A  few 
sergestid  prawns  and  lantern  fish  were  seen  between  190  and  230  fm  (350  to  420  m)  on  both 
descent  and  ascent  with  no  indication  of  upward  displacement  in  the  evening.  However,  net 
haul  No.  1 ,  fishing  at  170  fm  (310  m)  in  a  nonmigratory  layer  from  2020  to  2050  hours 
collected  a  few  large  hatchetfish,  myctcphids  (lantern  fish),  sergestid  prawns,  and  several 
Cycbthone  (Table  1). 


to  IOC  mv 
■90  -SO  -70  -40  -J0 


Figure  2.  Station  1,  off  Cabo  Colnett,  Mexico,  14  October  1968,  depth  of  water  approxi¬ 
mately  11  lOfm  (2000m). Deepttor  Dive  481  is  represented  by  the  solid  line.  On  this  dive  and 
Dives  482  and  483.  positions  occupied  by  the  submersible  below  or  between  components  of 
the  DSL  were  for  the  purpose  of  acoustic  tests  and  not  primarily  for  direct  observation  of 
scattering  organisms.  The  10  log  mv  curve  was  obtained  at  a  30-msec  pulse  length.  Note  that 
the  Deepitar  dive  track  represents  die  depth  of  the  submersible  at  a  given  time  but  does  not 
indicate  a  horizontal  traverse.  Time  on  all  echograms  moves  from  right  to  left;  length  of  each 
individual  section  in  the  horizontal  lines,  3  min;  depth  between  each  horizontal  line,  20  fm 
(36.6  m). 


Guadalupe  Island 

Station  2,  off  the  southeast  comer  of  Guadalupe  Island,  Mexico,  was  occupied  on  the 
afternoon  of  15  October  1968.  At  1500  hours,  a  diffuse  upper  scattering  layer  appeared  at 
120  fm  and  a  heavy  layer  at  150  to  200  fm  (274  to  36S  m)  (Figure  4).  Peak  volume  scattering 
coefficients  of  -62  dB  (upper,  diffuse  lsyer)  and  -55  dB  (both  peaks  of  tower,  heavy  layer)  were 
measured  at  1515  hours. 
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10  LOG  ffly 
■90  -80  -70  -60  -50 


1500 


Figure  4.  Station  2,  3  mi  off  the  southeastern  comer  of 
Guadalupe  Island,  Mexico,  15  October  1968,  depth  of 
water  approximately  1000  fm  (1830  m);  10  log  mv  curve 
obtained  at  25-msec  pulse  length 


The  evening  ascent  of  the  DSL  took  place  largely  between  1800  and  1900  hours  and  revealed 
a  nonmigratory  component  appearing  at  170  to  190  fm  (Figure  5).  Net  haul  No.  2  (Table  1) 
through  this  layer  from  2005  to  2035  hours  produced  comparatively  large  numbers  of 
Cyclothone  sp.,  hatchetfishes,  and  two  Melamphaes  sp.  The  latter  fish,  representatives  of  the 
suborder  Anoplogastroidea,  possess  gas-filled  swimbladders  and  are  generally  not  taken  at  DSL 
depths  in  daytime  hauls,  but  seem  to  migrate  from  greater  depths  at  night. 


Figure  5.  Station  2.  Guadalupe  Island,  15  October  1968-  Evening  ascent  of  tne  DSL  tawing, 
particularly,  a  light,  diffuse,  partially  migratory  layer  leveling  out  at  approximately  120  to  130 
fm,  and  a  deeper  non  minatory  component  fading  in  at  180  fm. 
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At  2210  to  2310  hours,  the  Tucker  net  was  fished  through  the  upper  of  two  partially 
migrating  scattering  layers  at  100  and  120  fm  (net  haul  No.  3,  Table  1  (Figure  6).  This  haul  pro¬ 
duced  parts  of  physonectid  siphonophores,  a  few  euphausiids  and  large  mysid  shrimp,  a  few 
Cyclothone  sp.,  a  hatchetfish,  some  lantern  fish,  and  a  Melamphaes  sp. 


NET  CLOSED 


2213 
NET  OPEN 


Figure  6.  Station  2,  IS  October  1968.  Net  iiaui  No.  3  is  repre¬ 
sented  by  the  horizontal  dashed  line  at  100  and  120  fm.  The 
diagonal  lines  represent  the  signals  from  the  depth  telemetering 
pinger  attached  to  the  net.  The  vertical  distance  between  the 
line  pain  is  a  function  of  depth. 


The  following  morning,  at  the  same  location,  net  haul  No.  4  was  made  through  the  broad,  not 
yet  fully  descended  DSL  (Figure  7).  This  haul  also  produced  parts  of  physonectid  siphonophores, 
several  serges tids,  mytids,  and  euphausiids,  some  lantern  fuh,  hatchetfish,  Cyclothone  end  a  few 
Vinciguerria,  a  gonoctomatid  fish  well  recognized  as  part  of  the  vertically  migrating  fauna  in  this 
region,  but  lacking  a  swimbladder  (Table  1).  Volume  scattering  coefficients  measured  simultan¬ 
eously  registered  peaks  of  -72  dB  in  the  surface  scattering  from  small  echo  groups  (SEC's)  end 
•57  to  -59  dB  for  the  broad  DSL  between  1 30  and  200  fm. 

An  hour  later  net  haul  No.  5  made  through  the  fully  descended  DSL  yielded  some  evidence  of 
physonectid  siphonophores,  a  few  hatchetfish  and  V inciguerria,  but  an  abundance  of  euphausiid 
and  serges tid  shrimps,  lantern  fish  and  Cyclothone  (Table  1).  A  peak  volume  scattering  coeffi¬ 
cient  of  -55  dB  was  measured  at  the  same  depth  as  the  Tucker  net  just  prior  to  the  timed  opcaing 
of  the  net  (Figure  8). 


Sen  Diego  Trough 

Station  3,  over  the  San  Diego  Trough  approximately  20  mi  offshore  from  San  Diego, 
California,  was  occupied  in  the  early  afternoon  of  17  October  1968.  Net  haul  No.  6  waa  begun 
immediately  in  an  effort  to  collect  in  the  lowermost  stratum  of  the  slowly  ascending  DSL 
(Figure  9).  DetpMesr  Dive  482  was  launched  shortly  thereafter  (Figures  9  and  10). 
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Figure  9.  Station  3,  San  Diego  Trough,  1 7  October  1968,  depth  of  water  approximately  $50  fm 
(1190  m).  Net  haul  No.  $  (horizontal  daihed  line  at  190  fm).  Detptttr  Dive  482  (diagonal 
solid  line  to  350  fm)  continued  in  Fig.  10.  Large  echo  groups  (LEG's)  between  70  and  160  fm 
continue  as  observed  from  midmorning  (Fig.  14). 


Figure  10.  Station  3.  17  October  19$l.  Dttpttm  Dive  482  continues  fnxn  Fig.  9  with 
Onymr  homing  at  1 70  fm  for  approximately  20  “tight  look"  observation*  until  final 
ascent  s’  1923  boon.  Final,  rapid  evening  migration  of  the  DSL  took  piece  mostly 
between  1820  and  1900  hour*  and  ts  largely  ebacurad  by  bottom  trees.  The  scattering 
coefficient  curves  (10  log  mv)  were  obtained  at  •  25-m*ec  pulse  length 


from  164  io  284  fm  (520  m).  but  ooocentrated  between  246  and  273  fra  (450-500  m),  and  a 
conoeotratk**  of  dotp-eea  smalt  (lacking  rwimbUdden)  at  273  to  317  fin  (500-575  m).  No 
hatchetfbhn*  were  sighted  and  only  a  few  Cycbthom  were  wan,  mostly  to  tbs  vicinity  of 
190  fra  (Figure  10).  The  ost  haul  yielded  several  small  phyaooectid  riphooophom,  many 
seryeatiri  and  euphaudid  ihrimpa,  many  lantern  fish  and  Cycbthom,  and  a  few  hatchetfhhei 
and  itr/dd  rfuimpe  (Table  1). 

At.Detptm  hemred  at  134  fm,  rotating  dowty  to  permit  periods  of  obeamtloo  with  the 
KgM*  aitarmtaiy  on  and  off  (termed  “tight  fooka")  (Figure  10),  volume  ecatteriog  mwurementi 
from  the  surface  at  1740  bouts  dsowed  excellent  iftnemeot  betwega  peek  coeffkfents  and  mgfor 
recorded  DSL  feature  toduding  a  peak  value  of  -67  dB  new  fctpttm't  boveriag  depth.  Deepeet 
recorded  peaks  diowed  no  echogram  correlates,  however. 
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At  1910  hours,  volume  scattering  had  -hifted  in  the  characteristic  trend  toward  strong  night¬ 
time  surface  scattering  with  a  range  in  values  of  -52  dB  at  30  fm  down  to  -65  dB  for  a  nonmigra- 
tory  scattering  layer  at  190  fm.  Ascent  observations  from  Deeps  tar  disclosed  significant  upward 
shifts  in  the  populations  of  euphausiids  and  sergestids,  as  well  as  the  lantern  fishes  and 
siphonophores.  There  was,  in  addition,  a  minor  implication  of  a  partial  migration  by  Cycbthone 
sp.  (Figure  11). 

Net  hauls  7  and  8  (Table  1 ,  but  not  figured)  were  evening  hauls  made  through  a  nonmigratorv 
DSL  at  213  fm  (haul  No.  7)  and  a  partially  migratory  scattering  layer  at  1 15  fm  (haul  No.  8). 
Haul  No.  7  produced  many  euphausiid  and  sergestid  shrimps,  and  many  lantern  fishes  and 
Cycbthone.  Haul  No.  8  produced  few  euphausiids  and  no  sergestids,  but  a  moderately  good 
catch  of  lantern  fishes,  a  few  Cycbthone  and  hatchetfish  as  well  as  two  stomioids  (deep-sea 
forms  lacking  gas-filled  swimbladdcTs)  and  one  Meiamphaes.  Both  hauls  produced  physonect 
siphonophore  parts. 

On  station  3  during  the  morning  of  18  October  1968,  Deepstar  executed  Dive  483  from 
0425  hours,  with  the  migratory  scattering  Layers  ascended,  until  0908  hours,  after  they  again 
descended  (Figure  12).  Direct  observations  of  vertical  displacement  of  migratory  species  were 
thus  reversed  from  those  of  Dive  482  (Figure  13). 

Net  haul  No.  9  (Figure  12)  suffered  precloture,  but  nevertheless  yielded  many  euphausiid  and 
sergestid  shrimp,  and  tome  lantern  fishes.  Cycbthone  and  hatchetfish  were  also  collected,  but 
there  was  scant  evidence  of  phyaonectid  siphonophores,  although  many  of  the  latter  were  teen 
during  Dive  483  (Table  1). 

Of  special  interest  are  the  volume  scattering  coefficients  recorded  at  midday  on  17  October. 
Throughout  the  morning  and  afternoon  large  echo  groups  (LEG’s)  were  recorded  at  varying 
depths  between  80  and  160  fm  drove  the  DSL  located  at  180  to  220  fm.  Peak  scattering  coeffi¬ 
cients  as  high  as  -39  dB  were  recorded  from  these  discrete  targets  (Figures  14  ami  15),  but  no 
evidence  of  their  species  makeup  was  obtained  titter  from  Deepstar  or  net  hauls. 

DISCUSSION 

In  general  agreement  with  previous  studies,  (Pick we li,  Capen,  and  Sloan,  1968)  nonmigmtory 
or  slightly  migratory  components  of  the  DSL  appeared  to  be  chiefly  hstchetflahes  of  the  genus 
Artyropeteaa  and  one  or  two  species  of  Cycbthone,  the  so-called  briitlemouths.  Thus  deep 
hauls  st  night  produced  specimens  predominantly  from  these  two  groups,  often  with  significant 
admixtures  of  lantern  flthes  (net  hauls  l,2,7in  Table  1),  but  fewer  numbers  of  other  groups 
compered  to  daytime  hauls  at  the  tame  station  and  depth.  Nighttime  net  hauls  at  intermediate 
depths  through  partially  migratory  components  of  the  DSL  (net  hauls  3  and  8  in  Table  S )  pro¬ 
duced  less  conclusive  results,  but  In  these  hauls,  lantern  fishes  tended  to  predominate. 

Direct  observations  from  Deepstar  4000,  in  the  main,  c  xi  firmed  these  findings.  Dive  481 
(Figure  3),  abbreviated  because  of  bed  weather,  gave  only  a  slight  indication  of  an  upward  dis¬ 
placement  of  the  main  specks  categories  (ascent  vs  descent)  often  at  a  time  when  the  upward 
DSL  migration  had  already  begun.  Dives  482  and  483  (Figure*  1 1  an 5  13),  on  the  other  hand, 
deafly  demonstrated  the  migratory  behavior  of  large  numbers  of  euphausiid  shrimp,  sergestid 
prawns,  phyaonectid  siphonophore*,  and  lantern  fishes  (myctophida).  In  the  latter  two  groups, 
however,  it  was  dear  that  migration  did  not  indude  the  entire  specks  complex,  minting,  ae 
pointed  out  previourfy  in  the  case  of  tiphonopbores,  (PkkweO,  1967  and  1970)  that  energetic 
considerations,  postibly  connected  with  gas-secreting  ability,  control  the  tadhriduai  orgrnhn*s 
todimtion  for  vertical  mipation  on  any  given  evening.  Dive  482  (Figure  1 1)  showed  soots 
suggestion  of  weak  upward  displacement  (25  to  30  fm)  by  Cycbthone  at  tight.  Wbftt  the  qxree 


aubnausMe  hemmed  at  I  W  fm  (at  e  period  of  sppmximtteiy  2  hown  during  its  meant  from  Mow  tbn  DSL.  Animals  counted 
darby  tUa  period  in  ijactefed  u  the  M Aaotnt"  columns.  in  the  “Others”  cotums  the  descent  sitings  included  a  small  squid 
(sppsox.  6  to  10  cm)  at  140  fas  and  aoodwr  at  215  fm,  then  a  dusts*  of  sigh  tings  between  250  and  330  fm  including  5  prawns, 
(poeribty  p—fthoide'L  24  dsep  wa  smelt  (JBathykttm  ttSOus),  9  mysid  shrimp  (probably  GnethopheutU),  2  tomiad  fishes 
(jttvmtm  sp)  and  1  ifdsoyAerr  tp.  The  two  wot  dghtbqp  in  this  column  «*»  both  deep-sea  smelt 
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Figure  12.  Station  3,  18  October  1968.  Deepstar  Dive  483  continues  from  launch  at  0425 
with  the  terminus  of  a  stable  2-hour  period  hovering  at  170  fm  showing  at  0717  hours.  Net 
haul  No.  9  at  164  fm  suffered  a  preclosure  so  the  net  track  is  abbreviated. 


sightings  of  hatchetfishes  provided  little  information,  the  few  observed  on  Dive  481  (figure  3) 
again  suggested  the  possibility  of  their  slight  upward  migration.  Ii  is  not  unlikely  that  a  negative 
phototropism  on  the  part  of  the  hatchstfishes,  coupled  with  an  absence  of  the  lethargic  state  de¬ 
scribed  particularly  for  some  lantern  fishes  (Barham,  1970).  enables  these  organisms  to  effec 
tivcly  avoid  the  lights  of  Deepstar. 

A  positive  phototropism  is  thought  likely  in  the  case  of  some  DSL  species,  however,  further 
complicating  the  task  of  adequately  quantifying  the  organisms  observed.  Thus,  the  numerous 
euphrtisiid  shrimp  sighted  on  Dives  482  and  483  (Figures !  1  and  13)  at  134  and  170  fin, 
respectively,  were  counted  while  Deepstar  hovered  motionless  at  those  depths  for  periods  of 
approximately  2  hours.  Some  20  “light  looks”  of  about  2  min  duration  alternated  with  equal 
periods  of  darkness  (all  observation  lights  out)  were  made  each  time  while  Deepstar  slowly 
rotated  about  its  axis.  These  were  the  only  instances  during  the  two-ship  operation  of  such  ex¬ 
tended  times  spent  at  DSL  depths  (Figures  10  and  12).  The  periods  of  darkness  were  intention¬ 
ally  employed  to  circumvent  possible  attraction  to  the  observation  lights.  Nevertheless,  the 
possibility  must  be  considered  that  some  of  the  sightings  constituted  duplicate  observations 
mad?  on  animals  attracted  to  the  vicinity  of  the  lights  and  then  held  there  by  recurrent  light 
periods. 

Excellent  agreement  generally  was  found  between  major  recorded  components  of  the  DSL 
and  prominent  peaks  on  the  curve  of  10  log  iriy  vs  depth  (Figures  2, 4, 7, 8, 10  and  14),  as 
demonstrated  in  other  studies  where  quantitative  acoustic  volume  reverberation  data  were  com¬ 
pared  with  simultaneously  obtained  echograms  at  the  same  sonic  frequency  (Batzler  and  Vent, 
1967).  In  a  number  of  esses,  however,  intriguing  peaks  of  moderate  prominence  appeared  on  the 
volume  scattering  coefficient  curve  at  intermediate  depths  where  no  scattering  layers  were  re¬ 
corded  (Figures  7  and  8),  and  occasionally  at  depths  below  the  DSL,  again  without  echogram 
correlates  (Figures  8  and  10).  The  converse  did  cot  seem  to  occur.  That  is,  no  echograms  of 
prominent  or  even  weakly  recorded  DSL's  lacked  acoustic  analogs  from  volume  reverberation 
data. 

The  distance  of  3  to  5  mi  maintained  between  the  two  ships  as  a  safety  feature  during  launch 
and  recovery  of  the  submersible,  and  in  addition  to  avoid  jamming  acoustic  equipment,  might 
account  for  minor  discrepancies  of  acoustically  detected  peaks  lacking  PDR-recorded  traces. 

In  addition,  the  series  of  peaks  appearing  as  acoustic  microstructure  within  the  DSL  on  some 
scattering  coefficient  curves  at  25  msec  pulse  length  (Figures  7  and  10)  suggests  the  intriguing 
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Figure  14.  Station  3,  17  October  1968. 
200  Acoustic  return  from  Large  Echo  Groups 
fins  (LEG’s).  Compare  with  similar  LEGs 
appearing  throughout  much  of  the  same 
day  on  the  same  station  in  the  echogram 
of  Fig.  9.  Volume  scattering  coefficient 
curve  was  obtained  at  a  25-msec  pulse 
length. 
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Figure  15.  The  tame  acoustic  scattering  return  as  that 
shown  in  the  previous  flpire,  but  plotted  as  scattering 
strength,  Sy.  Note  that  the  target  strength  of  the 
presumed  school  or  schools  was  approximately  0  dB  at 

1  yd. 
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possibility  that  the  species  groupings  or  age  and  year-class  groupings  of  the  organisms  within  the 
DSL  may  not  be  as  heterogeneous  as  net  hauls  and  submersible  observations  suggest.  Stratifica¬ 
tion  of  the  separately  migratory  groups  that  constitute  various  subcomponents  of  the  DSL  at 
night  may  operate  to  some  degree  even  in  the  daytime,  thus  presenting  vertical  migration  as  a 
kind  of  accordion  effect  involving  an  alternate  compaction  (downward  migration)  and  rarefac¬ 
tion  (upward  migration)  of  statistically  discrete  species  complexes. 

The  numbers  of  organisms  collected  by  the  Tucker  net,  because  of  uncertainties  regarding  net 
attitude  and  total  water  filtered,  are  not  quantified  in  terms  of  animals  caught  per  unit  volume  of 
water  (Table  1).  Nevertheless,  it  seems  clear  that  more  than  enough  of  those  organisms  possess¬ 
ing  potentially  resonant  structures  at  12  kHz  were  collected  on  most  hauls  to  fulfill  the  condition 
of  Batzler  and  Pickwell  (1970),  requiring  only  one  resonant  organism  per  1000  m3  of  seawater 
to  produce  a  better  than  average  acoustic  return  in  the  vicinity  of  Sv  =  -65  dB.  This  still  begs  the 
interesting  question  regarding  the  contribution  to  measured  and  recorded  acoustic  scattering  of 
nonresonant  but  abundant  targets  such  as  copious  numbers  of  euphausiid  shrimp  and  sergestid 
prawns  (net  hauls  4, 5, 6, 7, 9,  Table  1).  Nor  do  net  hauls,  submersible  observations,  or  present 
acoustic  measurements  suggest  the  probable  causative  organisms  responsible  for  the  large  echo 
groups  and  heavy  acoustic  returns  shown  in  Figures  14  and  IS. Shoals  of  anchovies,  hake,  or 
other  densely  schooling  fishes  are  known  to  produce  such  acoustically  hard  targets,  but  probably 
only  high-speed  trawling  gear  can  be  expected  to  produce  the  identity  of  these  rapidly  swimming, 
highly  maneuverable  avoiders  of  our  comparatively  slow-moving  midwater  nets. 

A  marked  disparity  sometimes  also  occurs  between  net  collections  and  direct  visual  observa¬ 
tions.  This  was  the  case  for  the  physonectid  siphonophore ,  Nanomia  bijuga  on  Station  3.  Many 
of  these  delicate  contributors  to  volume  reverberation  were  seen  on  Dives  482  and  483  (Figures 
1 1  and  13),  but  few  were  collected  by  the  Tucker  net  (net  hauls  6  to  9,  Table  1).  This  was 
almost  certainly  due  to  the  dragging  speed  which  could  not  be  reduced  below  about  4  knots, 
thereby  contributing  to  the  fragmentation  and  loss  of  these  gelatinous  coelenteiates.  Aboard 
other  ships  permitting  net  dragging  speeds  near  2  knots  we  have  collected  as  many  as  80  to  100 
specimens  in  u  single  haul  of  the  Tucker  net  in  this  same  area. 

Lastly,  it  is  of  interest  to  point  out  that  the  fadeout  of  DSL  components  during  their  final 
slow  descent  as  seen,  for  instance,  in  Figure  8,  is  suggestive  of  resonant  targets  experiencing 
shrinkage  of  their  gas  bubbles  in  response  to  increasing  hydrostatic  pressure  before  resecretion 
of  gas  and  reattainment  of  neutral  buoyancy.  That  Is,  iwiir.bltdder  partial  or  total  collapse 
(nonresonant,  nonbuoyant)  and  gas  resecretion  (resonant,  neutrally  buoyant)  in  organisms  of  a 
critical  size  relative  to  the  sound  frequency  employed  may  be  said  to  represent  a  condition  of 
being  “detuned"  and  subsequently  “tuned"  (in  an  analogy  with  tuned  radio  circuits)  as  the  DSL 
fades  out  and  then  fades  bade  in  on  the  echogram.  The  time  interval  between  fadeout  and  fadein 
as  seen  in  Figure  12,  that  is,  about  0800  to  0930  hours,  seems  realistic  in  terms  of  what  is  known 
of  gas  secretion  rates  in  some  fishes  and  siphonophores  possessing  structures  resonant  at  12  kHz 
at  DSL  depths  (Enns,  Douglas  and  Scholander,  1967;  Pickwell,  1967  and  1970). 

In  this  context  note  that  confusion  can  arise  in  attempting  to  discriminate  between  true  non- 
migratory  DSL’s  and  migratory  layers  from  deeper  depths  (i.e.,  greater  than  200  fm  in  the 
regions  discussed  here)  that  fade  in  on  the  nighttime  echo-sounder  record  at  depths  between  100 
and  200  fm.  We  have  yet  to  collect  specimens  of  Mtlmnphm  during  the  day  above  200  fm,  but 
during  this  cruise  took  several  individuals  at  night  above  this  depth  (net  hauls  2, 3, 8,  Table  1)  as 
well  as  other  nonswimbladdered  fishes  such  as  stotnioids  (haul  No.  8)  that  may  also  serve  as  indi¬ 
cators  of  deeper  migratory  populations. 

This  problem  is  difficult  to  resolve  since  standard  echo-sounding  equipment  seldom  records 
nonmigratory  components  with  much  intensity  at  night  when  other  components  have  ascended. 
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Clearly,  closing-net  hauls  at  suitable  times  and  depths  can  probably  best  solve  this  difficulty.  Thus, 
our  work  suggests  that  at  night  at  the  depths  of  recorded  nonmigratorv  or  partially  migratory  scat¬ 
tering  layers,  deeper  migrator)'  species  may  appear  and  contribute  to  the  resonant  acoustic  return. 
An  example  of  such  an  organism  in  the  present  study  was  the  anoplogastroid  fish,  Melamphaes  sp. 
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BIOLOGICAL  CAUSES 
OF  SCATTERING  LAYERS  IN  THE 
ARCTIC  OCEAN 
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ABSTRACT 

Two  types  of  sonar-scattering  layers  are  reported  from  the  Beaufort  Sea.  In  the  present 
study,  one  is  visible  only  at  100  kHz,  the  other  at  12  and  100  kHz.  The  100-kHz  layer 
migrates  vertically  but  only  in  part;  part  of  it  remains  trapped  on  the  interface  between  the 
Arctic  surface  water  mass  and  the  Arctic  intermediate  water  mass,  formed  of  Pacific  water. 
It  is  concentrated  at  50-m  depth  and  is  showr  to  correlate  with  an  accumulation  of  the 
thecosomatous  pteropod  mollusc  Spiratella  helicina.  The  layer  that  was  detected  at  both 
12-  and  100-kHz  frequencies  appears  and  behaves  much  like  a  classic  deep  scattering  layer, 
except  that  the  vertical  migrations  are  modified  to  harmonize  with  the  Arctic  summer  day¬ 
light  pattern.  It  is  found  between  20  and  180  m  and  probably  is  caused  by  shoals  of  the 
polar  cod  Arctogadus  giacialii. 


INTRODUCTION 

The  results  reported  here  are  based  on  3  years  of  observations  from  Ice  Island  T-3,  a  large 
tabular  berg  from  the  Ellesmere  Ice  Shelf  circulating  in  the  Beaufort  Sea  Gyral  (Figure  1).  The 
ice  island  carries  a  permanent,  manned  research  station  administered  by  the  U.S.  Naval  Arctic 
Research  Laboratory,  Point  Barrow,  Alaska. 

A  scattering  layer  at  about  100-m  depth  was  reported  first  from  the  Arctic  Ocean  by 
Kenneth  Hunkins  (1965)  of  the  Lamont-Doherty  Geological  Observatory.  This  observatory  has 
been  operating  a  1 2-kHz  Precision  depth  recorder  almost  continuously  from  T-3  for  the  past  6 
yean.  An  earlier  study  by  Dietz  and  Shumway  (1961)  of  echograms  from  nuclear  submarine 
traverses  of  the  Arctic  showed  no  midwater  sonar  targets.  Hunkins  suggested  that  perhaps  the 
submarines  were  moving  within  or  below  the  scattering  layers.  However,  there  is  strong  evidence 
that  Arctic  sound-scattering  layers  are  both  seasonally  and  geographically  restricted;  thus,  when 
the  traverses  took  place,  they  may  have  missed  the  season,  the  location,  or  both  (K.  Hunkins, 
personal  communication). 

In  1966,  the  Marine  Sciences  Centre  of  McGill  University,  in  cooperation  with  Lamont- 
Doherty  Geological  Observatory,  undertook  a  study  of  the  presumed  biological  causes  of  the 
Arctic  deep  scattering  layer  (DSL).  Ruing  the  first  season  of  study,  June  to  November  1966, 
no  DSL  was  detected;  the  Ice  Island  was  drifting  westward  about  400  miles  north  of  the  Alaskan 
coast  at  this  time.  In  March  1967  a  100-kHz  Ross  Model  200A  Fineline  depth  sounder  was  in¬ 
stalled  on  T-3  by  the  Lamont-Doherty  Geological  Observatory.  Immediately,  a  thin,  shallow 
scattering  layer  was  observed  at  approximately  50  m  (Figure  2).  This  layer  was  not  detected  on 
a  1 2-kHz  Precision  depth  recorder.  It  was  found  to  conform  with  a  water  mass  boundary  sepa- 
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rating  the  upper  Arctic  water  from  the  Arctic  intermediate  water,  the  latter  being  marked  by  a 
distinct  Pacific  water  layer  in  the  Canadian  Basin  of  the  Arctic  Ocean  (Figure  3). 

At  the  interface,  the  temperature  increases  suddenly  with  depth,  from  -1.65°  to  *1.31°C  in 
10  m.  Salinity  behaves  similarly,  increasing  from  30.4° /oo  to  31.3%o  over  the  same  distance. 

This  is  an  increase  of  0.55  sigma-t.  The  scattering  layer  that  occurred  on  this  boundary  was 
named  the  pycnocline  scattering  layer  (PSL). 

In  late  March  1968,  a  major  DSL  of  the  type  and  at  the  depths  described  by  Hunkins  (1965) 
appeared.  It  was  detected  between  20  and  1 80  m  on  both  the  Precision  depth  recorder  (Figure  4) 
and  the  Ross  recorder. 

METHODS  AND  EQUIPMENT 
Sonar 

Two  fathometers  operated  by  Lamont-Doherty  Geological  Observatory  were  used.  Tnese 
were:  (1)  a  1 2-kHz  Precision  depth  recorder  with  a  standard  Edo  transducer,  Gifft  sonar  trans¬ 
ceiver,  and  spark-type  rotating  drum  recorder;  the  time  base  advanced  1  cm/hr,  and  the  pulse 
length  was  80  msec;  and  (2)  a  Ross  model  200A  Fineline  depth  sounder  and  recorder  with  c 
365-m  (200  fm)  range  and  100-kHz  frequency.  The  beam  angle  is  10°  X  5°.  The  chart  paper 
speed  is  variable  from  6  to  24  in./hr,  a,.  J  the  pulse  duration  is  0.4  or  1 .5  msec.  The  instrument 
operates  by  switching  through  90-m  increments;  thus,  the  whole  thickness  of  the  layer  could 
not  be  viewed  instantaneously.  A  reasonable  facsimile  of  the  full  range  of  scatterer  distribution 
could  be  obtained,  however,  by  switching  every  minute,  thus  obtaining  a  narrow  cross-sectional 
view  in  a  4-min  period. 

Hydrography 

Routine  hydrocasts  were  made  during  the  study.  Temperature  was  measured  using  a  therm¬ 
istor  and  Wheatstone  bridge.  Salinity  samples  were  stored  and  then  sent  to  the  Bedford  Institute, 
Dartmouth,  Nova  Scotia,  for  analysis. 

Bfotogfcai  Sampttag 
Plankton 

Mesh  nets  numbers  6  and  0  mounted  on  0.5-  and  !-m  rings  were  used  throughout  the  study. 
Both  vertical  and  horizontal  tows  were  made.  Horizontal  tows  were  made  using  the  drift  of  the 
island  during  periods  of  high  wind,  when  drift  speeds  up  to  0.5  knot  relative  to  the  water  be¬ 
neath  can  occur.  The  actual  relative  drift  rate  and  filtration-coefficient  of  the  nets  can  be  esti¬ 
mated  only  roughly,  but  the  multiple-net  horizontal  tows  gave  excellent  simultaneous  collections 
from  various  depths.  This  method  involves  hanging  the  net  rings  on  a  heavily  weighted  cable, 
one  above  the  other,  so  that  the  net  will  stream  at  the  desired  depth  (Figure  5).  Corrections  of 
depth  for  wire  angle  were  made  in  the  field.  It  was  found  that  with  practice  the  nets  could  be 
attached  or  removed  from  a  moving  cable,  so  that  the  nets  were  set  or  hauled  with  a  minimum 
of  contamination  from  depths  other  than  thoee  under  scrutiny. 
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Figure  4.  Typical  appearance  of  the  Arctic  DSi,  on  the  PDR 


Fishes 

Attempts  were  made  to  capture  fishes  by  hook  and  line,  gill  nets,  and  baited  minnow  traps; 
all  were  unsuccessful.  Fishes  were  taken  in  the  surface  water  of  hydroholes  in  all  years  of  the 
study  by  hand-held  dip  nets.  It  was  observed  that  polar  gadoids  often  follow  any  hanging  object, 
such  as  cable,  hose  pipe,  etc.,  that  they  encounter  at  depth  up  to  the  surface.  Fishes  throat  in¬ 
variably  were  taker,  in  holes  through  which  cables  were  hanging;  one  specimen  was  sucked  into 
a  pump  hoe*  at  a  depth  of  1 2  m. 

Pteropod  lojectt* 

To  place  potential  sound  scatterers  in  the  water  in  a  controlled  manner  beneath  the  Roes 
recorder  transducer,  a  small  device,  the  "pteropod  injector,"  was  constructed  In  the  held  from 
a  sawn-off  plastic  hypodermic  syringe.  The  device  was  assembled  using  a  second  piston  In  a  re¬ 
verse  position  so  that  a  small  toroidal  space  was  left  between  the  two  pa  tons.  A  wire  bridle 
passed  through  the  plunger  in  such  a  way  that  a  messenger  would  strike  the  plunger  and  eject 
the  second  piston  with  the  contents  of  die  toroidal  space  (figure  6).  Great  care  was  neceamiy 
to  retime*  the  potability  of  air  bubbles  being  carried  down  into  or  on  any  part  of  the  device. 
Normally  the  injector  was  held  just  beneath  the  surface  of  the  hydrobolc  and  agitated  for  a  few 
minutes  to  shake  free  surface  bubbles,  though  none  actually  were  teen.  Next,  the  outside  was 
rubbed,  underwater ,  with  a  doth.  The  assembly,  on  a  ringic  strand  of  i  2-gage  copper  win,  waa 
towered  by  hand  through  a  bunched  doth  underwater.  The  meaaanget  likewise  was  cleaned  of 
air  bub&et. 
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MUlTI'll  NIT  MOIIIONA1  TOW. 


Figure  S.  Technique  used  for  the  multiple-net  horizontal  tows.  Nets  may  be  removed  from  a 

moving  cable  by  die  spring  clip. 


TOE  PYCNOCLINE  SCATTERING  LAYER 
Observations  and  Recuita 

The  appearance  of  this  layer  (Figure  2)  on  the  Roes  recorder  is  a  thin,  usually  continuous, 
Une  approximately  1-m  thick  (N.B.:  one  pulse  length).  The  thickness  is  often  greater  (Figure  7), 
however,  especially  during  periods  of  high  wind  when  internal  waves  become  visible  in  the 
records.  Occasionally,  especially  iu  midsummer  and  early  fall,  the  layer  becomes  very  thin  and 
patchy,  even  disappearing  completely  for  many  days. 

Initially  it  was  thought  that  this  scattering  layer  perhaps  could  be  interpreted  physically  as 
an  acoustic  reflection  from  the  demit'  discontinuity.  At  the  high  freouencto  (100  kHz)  used, 
however,  this  is  unlikely.  Detailed  examination  of  the  records  shows  that  diurnal  splitting  of  the 
layer  occurs;  one  fraction  remains  at  the  discontinuity  and  the  other  migrates  either  upward  or 
downward  .rom  the  discontinuity. 

This  it  especially  notable  in  the  months  bracketing  the  equinoxes,  when  greatest  diurnal  light 
variation*  occur.  Figure  8  shows  six  sections  of  the  chart  record  for  26  and  27  October  1967. 

At  midday,  a  thin  P$L  is  present  with  a  fir*  tingle  targets  visible.  At  1500  hours,  an  ascending 
cloud  of  scatteren  appears.  At  2100  bears,  two  freedom  of  the  layer  are  apparent,  but  the 
upper  fraction  tends  to  descend  slowly.  By  msdnight,  however,  a  dense  scattering  layer  has 
formed  with  fairly  even  distribution  throughout  the  water  column;  a  PSL  is  still  visible.  Then, 
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wire 


Figure  6.  The  pteropod  injector  Specimens  of  Spiratella  are  placed  in 
the  space  between  the  two  pistons 
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Figure  7.  Very  thick  PSL.  Turbulence  possibly  caused  by  the  motion  of  Ice  Island  (23  Oct 
1967,  2300  houis  Greenwich  Mean  Time). 
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Figure  8.  Six  sections  of  the  chart  record  for  26  and  27  October  1967 
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at  about  0900  hours  on  the  27th,  fairly  rapid  descent  of  the  main  scattering  cloud  occurs, 
leaving  once  more  a  PSL  with  a  few  single  targets  visible.  The  cycle  repeated  itself  on  subsequent 
days. 

There  is  an  interesting  seasonal  variation  in  the  chart  records.  In  winter,  when  continuous 
darkness  prevails,  the  migrating  fraction  remains  continuously  above  the  PSL,  (Figure  9a)  as 
might  be  expected  and  as  was  predicted  by  Bogorov  (1946).  Interestingly,  however,  the  same 
distribution  seems  to  prevail  during  the  summer  (Figure  9b)  rather  than  occurring  at  greater 
depths. 


15  J.iii  1 ■ 


1200  2100  0000 

1  hour  , 


Figure  9.  Sections  of  chart  record  in  winter  (a)  and  summer  (b) 


Analysis  of  the  plankton  offers  evidence  of  the  cause  of  this  layer.  The  cosmopolitan 
thecosomatous  pteropod  Spintella  heticina  (Figure  10)  occurs  in  enormous  numbers  at  the 
interface  of  the  two  water  masses.  These  are  little  calcareous  shelled  planktonic  snails.  In  our 
samples,  they  were  very  small  individuals,  usually  less  than  1  mm  in  diameter,  in  contrast  to 
the  large  specimens  of  10  to  15  mm  normally  taken  in  subarctic  waters.  This  small  size  in  itself 
is  extremely  interesting  and  requires  further  study.  They  are  not  juveniles;  strings  of  eggs  were 
observed  within  the  body  and  exuding  from  the  gonopores  of  many  of  the  living  specimens. 

Because  of  the  thinness  of  the  layer  and  the  general  difficulty  of  hauling  nets  horizontally 
from  the  ice,  it  was  not  possible  to  stream  a  net  at  the  correct  depth  with  any  accuracy.  By 
placing  a  thermistor  on  the  net,  however,  the  discontinuity  could  be  detected  and  the  net  held 
as  close  as  possible  to  the  layer  depth.  At  Station  5,  N,  17.4° 24'  W,  on  3  May  1967, 

a  multiple*net  horizontal  tow  was  made  with  0.5-m  nets  at  40, 45, 50,  and  55  m.  Internal  waves 
of  6-m  amplitude  and  approximately  10-min  period  were  visible  in  the  chart  record  at  50  m.  The 
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Figure  10.  The  thecosomatous  pteropod  Spiratella  helkina.  The  speci¬ 
mens  token  from  the  scattering  layer  an  extremely  small  compared 
with  those  found  further  south. 


layer  at  this  time  appeared  to  be  about  8  m  thick.  The  windspeed  was  a  steady  20  to  25  knots, 
and  the  drift  of  the  island  an  estimated  0.5  knot.  Figure  1 1  is  a  histogram  of  pteropod  distribu¬ 
tion  correlated  with  the  depth-soundet  record,  demonstrating  the  correlation  of  pteropod 
numbers  with  the  scattering  layer.  Other  stations  with  horizontal  net  tows  verify  these  distribu¬ 
tions.  A  series  of  subtractive  vertical  tows  was  made  using  a  2-m  increment  for  each  tow.  The 
net  was  triple  washed  and  inspected  visually  to  make  sure  no  pferopods  were  missed.  Counts 
were  made  immediately. 

Station  V.T.  4, 30  May  1967,  showed  a  typical  vertical  distribution  found  by  this  method. 
Figure  12  is  a  histogram  of  pteropod  distribution  and  numbers  on  a  2-m  subtractive  tow  series, 
showing  maximum  concentration  between  50  and  48  m.  It  is  correlated  with  the  chart  record 
of  that  day. 

The  data  presented  here  are  excellent  correlative  evidence  that  Spiratella  is  the  cause  of  the 
PSL. 

Field  tests  with  the  Ross  echo  sounder  were  made,  using  small  BB  shot  as  test  targets.  Indi¬ 
vidual  pellets,  approximately  1 .4-mm  diameter,  were  detectable  down  to  30  m.  An  experiment 
was  performed  with  the  pteropod  injector  containing  80  live  specimens  of  Spiratella  heticim. 
Careful  precautions  were  taken  to  eliminate  air  bubbles,  and  the  injector  was  lowered  to  a  depth 
of  60  m  and  allowed  to  hang  for  4  min.  The  injector  was  then  fired  by  messenger  and,  at  the 
moment  of  impact,  the  injector  was  raised  10  m.  On  the  chart  record  (Figure  13),  a  residual  line 
of  echo  remained,  slowly  dispersing  over  a  period  of  1  min.  The  experiment  was  repeated  three 
times  with  live  specimens  and  once  with  a  blank  run  (only  water  in  the  injector  barrel).  The  re¬ 
sults  were  identical  on  two  out  of  three  runs;  on  the  third  run,  air  bubbles,  showing  as  rising 
streaks,  occluded  the  record.  The  blank  run  showed  no  scattering.  Spiratella  has  a  hard  calcareous 
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Figure  11.  Histogram  of  pteropod  numbsn  per  cubic  metre  correlated  with 
the  depth-sounder  record  (sta.  S,  5  May  1967) 


Figure  12.  Histogram  of  pteropod  numbers  per  cubic  metre  correlated  with 
the  depth-sounder  recorder  (from  subtractive  vertical  tow,  sta.  V.T.  4,  30 
May  1967) 
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Figure  13.  Experiment  with  pteropod  injeciur  (sta.  P.I.  2,  24  April  1968) 


shell,  which  probably  can  be  classified  acoustically  as  a  solid  body;  thus,  if  large  numbers  of 
Spiratella  were  present  in  a  thin  layer  at  50*m  depth,  they  would  be  expected  to  form  a  detect* 
able  scattering  layer. 

The  behaviour  of  the  organism  as  observed  on  the  echo  sounder  deserves  analysis.  The  sinking 
rates  of  the  creatures  in  water  from  above  and  below  the  discontinuity  were  measured  in  the 
laboratory.  The  average  sinking  rate  of  20  nonswimming  specimens  in  water  from  45  m  (sigma-t 
24.65)  was  1 .782  cm/sec.  In  water  from  55  m  (sigma*t  25.10),  it  was  1.521  cm/sec.  One  can 
postulate  that  less  energy  is  required  for  Spiratella  to  maintain  a  constant  depth  by  remaining  at 
or  below  the  PSL;  the  significance  of  this  is  doubtful,  however,  especially  in  such  an  actively 
swimming  organism. 

Harder  (1968),  reviewing  plankton  behaviour  at  water-mass  boundaries,  suggested  that  density 
interfaces  act  as  concentrating  levels  for  organic  detritus  and  that  many  species  feed  at  the  inter¬ 
face.  Other  species  may  respond  to  physiological  stress  induced  by  salinity  changes,  which  alter 
the  osmotic  pressure  differential  across  the  cell  membranes. 

Hunkins,  Thorndike,  and  Mathieu  (1969)  examined  the  nepholometry  of  the  Canadian  Basin. 
They  found  no  light-scattering  layer  indicative  of  a  detrital  accumulation  at  the  interface  depth. 
Thus,  a  feeding  response  seems  unlikely  to  explain  the  behaviour. 

There  is  a  recurrent,  though  unresolved,  suggestion  in  vertical  migration  studies  (Lance,  1962; 
Loeb,  1893;  Rose,  1925)  that  vertically  migrating  plankton  organisms  within  a  light  field  tend  to 
some  physiologically  limited  level  of  salinity  (or  temperature)  as  well  as  light  intensity;  once  one 
constraint  passes  beyond  a  certain  threshold,  the  sign  of  the  migratory  drive  is  changed.  Thus,  a 
stenohaline  individual  organism  moving  upward  at  sunset  and  passing  into  more  brackish  water 
will  stop  at  the  critical  salinity  level.  As  the  light  intensity  drops  lower,  the  triggering  stimulus 
diminishes.  In  this  condition,  the  physiological  stress  of  the  brackish  water  causes  a  reversal  of 
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sign  in  the  migration,  and  the  organism  tends  to  sink  slowly  toward  the  more  saline  water  during 
the  night.  At  dawn  the  increasing  light  tends  to  reverse  the  sign  once  more,  and  a  second  upward 
migration  occurs  toward  the  optimd  halophotic  level.  Once  die  light  intensity  and  the  osmotic 
stress  become  too  strong,  however,  a  downward  migration  occurs,  taking  the  organism  back  to 
optimum  daylight  depths. 

In  an  ocean  with  a  marked  salinity  boundary  layer,  there  tends  to  be  a  segregation  of  indi¬ 
viduals.  Those  of  low  tolerance  to  high  salinity  tend  to  remain  on  the  boundary  layer  during 
downward  migration  at  dawn.  Those  of  low  tolerance  to  brackish  water  tend  to  remain  on  the 
boundary  layer  during  upward  migration  at  sunset.  The  hardier  or  more  euryhaline  members  of 
the  population  transcend  the  layer,  albeit  with  some  short  delay,  to  accommodate  the  rapid 
change  of  osmotic  balance. 

This  hypothesis  would  explain  the  general  behaviour  of  the  Arctic  PSL  as  caused  by  pteropods 
whose  salinity  limits  lie  between  33.5%o  and  30.5° /oo  or  so  in  this  population  (Harding,  1967). 
It  does  not  explain  the  reason  for  the  high  position  and  nonmigratory  behaviour  of  the  summer 
and  winter  layer.  The  reason  for  this  might  be  that,  during  these  long,  continuous  light  or  dark 
periods,  the  primary  trigger  stimulus  is  absent;  thus,  the  organism  tends  to  remain  at  depths 
favourable  in  factors  other  than  light,  such  as  feeding. 

THE  DEEP  SCATTERING  LAYER 
Observations  and  Results 

Hunkins  (1965)  has  described  the  Arctic  DSL  observed  at  1 2  kHz  as  a  “diffuse  reverbera¬ 
tion,”  similar  in  general  appearance  to  the  DSL  in  other  oceans.  The  Arctic  layer  tends  to  be 
shallower  (20  to  200  m)  in  distribution  than  elsewhere  in  the  world  and  also  to  have  an  annual 
rather  than  a  diurnal  migration  pattern,  no  doubt  a  result  of  the  special  Arctic  daylight  pattern. 
The  layer  has  been  recorded  only  during  the  summer  months  and  only  in  the  northern  and 
northwestern  part  of  the  Beaufort  Sea  Gyral.  Soundings  elsewhere  and  at  other  times  of  the 
year  were  negative.  Hunkins  has  shown  that  diurnal  vertical  migrations  are,  in  fact,  observable 
in  this  layer,  especially  about  the  time  of  the  autumnal  equinox.  The  layer  usually  is  not  present 
at  the  time  of  the  vernal  equinox. 

Figure  14  is  a  continuous  record  of  the  development  of  the  DSL  in  1968,  transcribed  from 
the  original  daily  chart  records.  The  layer  first  appeared  as  isolated  scattering  groups,  which 
developed  into  a  thin,  slightly  discontinuous  layer  that  was  not  particularly  migratory.  It  later 
became  thicker,  and  through  mid-April,  the  layer  showed  definite  diurnal  migrations.  As  the 
summer  progressed,  the  layer  tended  to  split  into  two  components  and  become  a  little  patchy. 

At  the  100-kHz  frequency,  it  was  possible  to  observe  only  a  90-m  vertical  section  of  the 
water  at  any  one  time,  but  a  good  composite  picture  could  be  gained  by  switching  through  the 
depth  ranges  in  sequence  and  placing  the  records  in  order  one  above  the  other.  Figure  1 5  is  such 
a  composite  of  four  chart  records  offering  a  complete  section  through  the  DSL  as  seen  on  the 
Ross  recorder.  The  PSL  is  traversed  freely  by  the  DSL  scatters rs  (Figure  16),  and  it  does  not 
appear  in  general  to  be  a  significant  barrier. 

Kan  wither  and  VoUcmann  (1955)  found  one  scatterer  per  8,500  m*  off  New  England,  and 
Johnson,  Backus,  Heraey,  and  Owen  (1956)  found  one  scatterer  per  650  ms  off  Puerto  Rico. 

In  order  to  compare  various  features  of  the  DSL  with  the  findings  of  these  workers,  an  index  of 
scatteren  per  unit  volume  was  calculated.  The  first  step  was  to  switch  through  the  depth  ranges 
of  the  100-kHz  instrument  over  a  short  period  of  time.  The  scatterer  counts  were  then  corrected 
by  dividing  the  number  of  icatterers  in  each  10  m  of  the  insonified  cone  by  the  volume  of  a 
10-m  deep  segment  and  multiplying  the  result  by  10*  to  place  the  decimal  point  in  a  convenient 


dr.  P  reprefcnti  power  failure  and  g,  gain  adjustment. 


Figure  15.  Compose  record  of  the  DSL  from  the  Ron  echo  rounder 
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Figure  16.  Scattering  groups  from  the  DSL  traversing  the  PSL  marked  by  the  thin  PSL  (14 

April  1968) 


position.  Figure  17  shows  a  histogram  of  the  vertical  distribution  of  the  scatterers  per  10,000 
ms.  This  gives  a  highest  value  of  scatterers  as  approximately  1/5,000  m*.  Much  higher  concen¬ 
trations  can  occur  in  the  scattering  groups,  but  because  the  echo  traces  tend  to  merge,  no 
reliable  count  is  possible. 

Attempts  to  capture  the  organisms  responsible  for  this  layer  were  unsuccessful.  >n  2  different 
years  only  two  larval  polar  gadoids  were  taken  from  horizontal  plankton  tows  below  the  surface, 
at  depths  of  1 5  and  40  m  respectively.  One  of  them  was  taken  when  no  scattering  layer  was 
present.  Fishes  (A rctogadus  giaciaUs)  frequently  are  captured,  however,  in  the  hydroholes  cut 
through  the  sea  ice. 

The  lack  of  positive  evidence  in  the  form  of  specimens  taken  at  the  layer  depth  is  not  sur¬ 
prising  considering  the  impossibility  of  trawling  from  the  surface  of  pack  ice.  It  is  obvious  from 
the  echograms  that  the  scatterers  are  relatively  Urge,  scattering  both  !  2-  and  100-kHz  sound. 
When  the  scatterers  are  viewed  at  100  kHz  as  individual  targets,  they  frequently  are  seen  as 
fast-swimming  hyperbolic  traces;  these  traces  are  indicative  of  rapid  relative  motion  between 
transducer  and  target.  Furthermore,  the  organisms  frequently  move  in  dense  shoals  and  are  seen 
as  scattering  groups;  they  are  therefore  most  probably  nektonic  fish,  and  the  moat  likely  species 
is  A  rctogadus  giaciaUs,  the  polar  cod  (Figure  18). 

The  biology  of  A  rctogadus  is  not  well  known.  It  is  certainly  the  moat  frequently  found 
species  in  the  central  Polar  Sea.  Walters  (1961)  identified  and  described  35  specimens  of  this 
species  taken  from  Sution  Charlie  in  the  winter  of  1959-60.  During  this  period,  up  to  500 
specimens  sometimes  were  taken  from  the  hydroboles  following  seismic  explosions  at  shallow 
depths  below  the  ice  Andriashev  (1957)  took  1 1  specimens  from  the  same  general  ares  as  the 


Scott+rc nj  ?Q4M* 

R«tt»  17.  Hi«to*r»n  of  «ttem  per  IC.000  m3  made  by  cowrtta*  •  random 
Mctioe  do««  a  Roa  daplfc-towi* der  chart  and  corrector  to  a  unit  rokttm  from  Qm 
traudecw  pwmetry 


BIOLOGICAL  SCATTERING  IN  THE  ARCTIC  OCEAN 


525 


cms. 

Figure  18.  Arctofr^ut  giaculix  (drawn  from  a  preserved  specimen) 


Station  Charlie  material,  i.e.,  over  the  Chukchi  Rise.  In  1966  we  took  two  specimens  in  this 
area;  in  April  and  May  1967,  three  were  taken  much  farther  north;  and  in  May  1968,  four  were 
taken  farther  west. 

Walters  (1961)  suggests  that  this  species  undertakes  winter  feeding  migrations  over  the 
Chukchi  Rise,  moving  in  the  winter  in  a  generally  southwest  direction.  Because  the  DSL  has 
been  detected  only  in  summer  and  well  north  of  the  Chukchi  Rise  in  the  present  work,  it  is 
possible  that  these  fishes  migrate  back  into  the  central  Polar  Sea  rrom  the  Chukchi  Rise  by  a 
northeasterly  route  during  rhe  summer. 

Two  specimens  of  the  Arctic  cod  BortogoJus  sedda  also  have  been  taken  in  the  course  of 
this  work.  This  species  also  must  be  a  sound  scatterer  in  the  Polar  Sea;  however,  its  significance 
cannot  be  judged  presently. 
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ABSTRACT 

The  composition  and  characteristics  of  sonic  scattering  in  two  areas  of  Puget  Sound  were  in¬ 
vestigated  over  a  2  1/ 2-year  period  using  a  38.2-kHz  Simrad  echo  sounder  and  three  sizes  of  mid- 
water  trawls.  In  Port  Orchard  Narrows  in  the  central  basin  (depths  to  40  m),  scattering  during 
the  day  was  irregular  and  often  absent  throughout  the  year:  day  hauls  took  no  fish  and  essen¬ 
tially  no  macxoplankton.  Nocturnal  conditions  varied  seasonally.  During  the  winter,  scattering 
was  characterized  by  compact  layers  of  individual  targets  at  middepth.  Samples  in  the  layers 
were  marked  by  catches  of  Pacific  herring  (Clupea  harengus  pallasii)  and  surf  smelt  (Hypometus 
pretiosus).  At  greater  depths,  increasing  numbers  of  northern  midshipmen  (Porichthys  notatut) 
and  macroplankton,  particularly  the  mysid.  Neomysis  kadiakensis,  were  taken.  In  the  summer, 
while  scattering  was  extensive,  it  was  nebulous  and  largely  lacked  concentrations  of  individual 
targets.  Samples  were  characterized  by  catches  of  Porichthys  at  all  depths  and  by  high  concen¬ 
trations  of  bay  gobies  ( LepidogoUus  lepidui)  above  15  m.  Macroplankton  was  dominated  by 
N.  kadiakensis;  concentrations  were  greatest  at  middepths  and  exceeded  winter  values  by  more 
than  an  order  of  magnitude  at  all  depths. 

In  Case  Inlet  in  the  southern  Sound  (depths  to  120  m),  scattering  was  of  two  general  day/ 
night  patterns.  In  late  winter,  distinct  layers  of  individual  targets  typically  displayed  marked 
diet  depth  changes  at  middepths,  though  daytime  scattering  above  30  m  was  observed  in  April. 
Clupea  and  the  spiny  dogfish  fSqualus  acmthias),  a  predator  upon  Clupea,  were  taken  at  layer 
depths.  Macroplankton  was  scarce  in  this  period  and  concentrations  generally  increased  with 
depth  during  the  day.  Euphausiids  (mainly  Eupkausia  pacifka  rnd  Thysanoessa  spinifero)  and 
the  mysid,  Acanthomysis  snacrcpds,  were  taken  near  the  surface  at  night  and  above  the  main 
layers  during  the  day.  N.  kadiakentis  dominated  deeper  hauls  at  night  and  daytime  hauls  below 
the  layers.  In  the  summer,  layers  were  less  well-defined  and  individual  targets  were  more  dis¬ 
persed  on  the  ecliographs.  Persistent  scattering  was  present  in  the  upper  40  m  both  day  and 
night;  heavy  scattering  was  observed  during  the  day  in  August  and  September  at  lower  depths. 
Porichthys  dominated  night  catches,  but  no  large  fishes  were  taken  during  the  day.  Macroplank¬ 
ton  concentrations  were  high  during  these  months,  dominated  by  ctenophores,  fish  larvae,  and 
mysids  (N.  kadiakensis  and  A.  macropsts}.  Concentrations  of  mysids  were  marked  at  middepth 
at  night  and  increased  with  depth  during  the  day.  Euphausiids  were  also  abundant  between  60 
and  80  m  m  daytime  hauls. 

Behavioral  patterns  of  herring,  smelt,  midshipmen,  and  mysids  appear  to  influence  the  char¬ 
acteristics  of  sonic  scattering  observed  at  38.2  kHz  in  central  and  southern  Puget  Sound.  Better 
understanding  of  the  distribution  and  behavior  of  organisms  and  their  relationships  to  sonic 
scattering  could  result  from  the  use  of  different  trawls,  designed  to  sample  either  macroplankton 
or  fishes.  The  use  of  efficient  trawls  is  particularly  important  during  the  winter  when  active 
fishes  such  as  herring  and  smelt  are  apparent  principal  components  of  well-developed  scattering 
layers  in  Puget  Sound. 
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INTRODUCTION 

Since  the  mid-i  930's,  commercial  fishermen  have  utilized  knowledge  of  sonic  scattering  in 
shallow  water  to  increase  their  catch  per  unit  effort  (Balls,  1948;  Cushing,  Derold,  Marr,  and 
Kristjonsson,  1952;  Tester,  1943).  Reviews  of  the  relationship  cf  marine  organisms  to  sonic 
scattering  emphasize  the  differences  between  the  scattering  characteristic  of  the  deep  sea  and 
that  found  over  shoal  bottoms  inshore  or  near  oceanic  banks  (Beklemishev,  1959;  Boden,  1962; 
Hersey  and  Backus,  1962).  In  shallow  water,  sonic  scattering  is  typically  a  manifestation  of 
local  aggregations  of  organisms.  Such  aggregations  are  often  transitory;  their  nature  and  com¬ 
position  may  change  over  horizontal  distances  of  a  few  miles,  and  their  characteristics  and 
existence  can  vary  greatly  with  seasons  (Hersey  and  Backus,  1962).  Until  recently,  however,  an 
attitude  akin  to  scientific  benign  neglect  has  limited  extensive  biological  studies  of  scattering  in 
shoal  waters  to  some  predominantly  fisher ies-oriented  works  in  northern  European  waters  in  the 
early  19505s  (Burd  and  Lee,  1951 ;  Cushing,  et  ah,  3952;  Cushing  and  Richardson,  1956; 

Parrish  and  Craig,  1951). 

In  the  last  decade,  extensive  scattering  was  noted  in  Puget  Sound  by  workers  at  the  Bureau 
of  Commercial  Fisheries  and  at  the  University  of  Washington  (U.S.  Department  of  the  Interior, 
1966a,  b;  Cooney,  1967;  Thorne,  1968).  Sporadic  hauls  with  various  nets  suggested  that  a 
variety  of  organisms  (fishes,  macroplanktcn,  and  ctenophores)  were  associated  with  sonic 
scattering  in  Puget  Sound,  hut  the  seasonal  and  spatial  variations  in  the  nature  and  composition 
of  the  layers  were  not  clear.  The  present  study  was  initiated  to  investigate  the  biological  aspects 
of  sonic  scattering  in  Puget  Sound  and  to  determine  if  any  temporal  or  spatial  patterns  exist  in 
the  characteristics  and  composition  of  such  layers.  The  work  provided  information  and  direction 
iO  subsequent,  more  detailed  studies  of  sonic  scattering  in  the  Puget  Sound  system  and  helped 
relate  that  system  to  other  shallow  and  deep  water  environments. 

METHODS  AND  MATERIALS 

The  study  was  conducted  in  two  areas  of  Puget  Sound:  Port  Orchard  Narrows,  a  constricted 
cliannel  west  of  Bainbridge  Island  in  central  Puget  Sound,  and  Case  Inlet,  one  of  several  inlets  in 
the  southern  sound  (Figure  1).  Water  movement  in  these  areas  is  irregular  and  modified  locally 
by  winds  (English,  1961;  Thome,  1968);  weak  thermal  stratification  occurs  in  the  areas  during 
the  summer  (Cooney,  1967;  T.  Saunders  English,  unpublished  data).  In  Port  Orchard  (Figure  2), 
samples  were  taken  along  a  N-S  track,  in  the  narrow  channel  south  of  Fletcher  Bay;  the  maximum 
depth  in  the  area  is  slightly  over  40  m. 

In  the  southern  sound,  samples  were  taken  along  a  NW-SE  track  off  Taylor  Bay,  near  the 
mouth  of  Case  Inlet  (Figure  2).  Maximum  depths  in  the  research  area  were  slightly  less  than 
1 20  m.  Though  moderately  strong  tidal  currents  sweep  through  Dana  Passage  and  around  Devils 
Head  at  the  mouth  of  Case  Inlet,  surface  circulation  in  the  inlet  is  generally  weak  (Haight,  1948). 

Between  September  1965  and  February  1968, 14  cruises  were  made  to  Port  Orchard.  Sam¬ 
ples  were  taken  at  irregular  intervals  from  January  1966  onward;  the  Department  of  Ocean¬ 
ography,  University  of  Washington  vessel  R/V  Hoh  was  used  for  ali  but  the  last  cruise,  when  the 
College  of  Fisheries  vessel  R/V  Commando  was  employed.  Seven  cruises  were  made  to  Case  Inlet 
aboard  the  R/V  Hoh  between  April  1966  and  August  1967;  samples  were  taken  on  each  cruise. 

Scattering  observations  were  made  with  a  Simrad  EH-2a  echo  sounder  operating  at  a  fre¬ 
quency  of  38.2  kHz.  The  hull-mounted  transducer  produced  a  primary  sound  cone  6°  fore  and 
aft  by  20°  abeam.  The  transmitter  operated  at  32  v  (dc)  with  an  output  power  of  60  watts  and  a 
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Figure  1.  The  relationship 
of  the  research  areas  to 
Puget  Sound  and  adjacent 
waters 


sounding  rate  of  96  pulses/min.  Returning  signals  were  recorded  on  dry  paper  moving  10.5  mm/ 
min;  the  white  line  (maximum  sensitivity)  scale  was  used  at  all  times.  Most  recordings  were  made 
from  signals  of  1  -msec  pulse  length. 

The  majority  of  samples  were  taken  with  6-  and  10-foot  Isaacs-Kidu  midwater  trawls  (IKMT) 
(Aron,  1959;  Isaacs  and  Kidd,  1953).  A  depressed  1-m  ring  trawl  of  l/t'-inch  mesh  knotless 
nylon  was  used  for  comparative  purposes,  principally  in  Port  Orchard  (Table  1).  Speeds  were 
measured  at  the  surface  with  a  Tsurumi-Seiki-Kosakusho  Co.  (TSK)  flowmeter  while  the  trawls 
were  at  depth.  Speeds  ranged  from  1.5  to  2.7  m/sec  for  the  IKMT  and  from  2.2  to  3.4  m/sec  for 
the  ring  trawl  (Table  1).  The  duration  of  hauls  varied  with  season  and  location.  Mo3t  hauls  in 
Case  Inlet  and  the  majority  of  the  10-foot  IKMT  hauls  in  Port  Orchard  were  at  depth  for  15 
min;  hauls  with  the  smaller  trawls  in  Port  Orchard  were  generally  at  depth  for  10  min.  On 
summer  cruises,  when  macroplankton  was  particularly  abundant,  shorter  hauls  were  made. 

Net  depth  was  either  measured  by  a  Marine  Advisers,  Inc.,  bathykymograph  time-depth  re¬ 
corder  attached  to  the  trawl  bridle  or  was  monitored  on  deck  from  signals  transmitted  through 
the  towing  cable  by  a  pressure-activated  sensing  unit  (designed  and  built  by  the  Department  of 
Oceanography ,  University  of  Washington)  mounted  above  the  trawl.  Hauls  were  made  above, 
in,  and  below  the  depths  of  principal  scattering  in  each  area.  Paired  hauls  were  taken  at  most 
depths  in  Port  Orchard  and  at  depths  of  significant  scattering  in  Case  Inlet. 

Echographs  were  examined  after  each  cruise,  and  the  major  patterns  of  sonic  scattering  were 
identified.  Returns  were  classified  as  concentrated  (a  dense,  dark  trace)  or  as  diffuse  (a  lighter, 
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TABLE  1.  Dimensional  and  Deployment  Data  for 
the  Trawls  Used  in  this  Study 


Trawl 

Area  (nr) 

Hauls  (day/nlght) 

Speed  (m/sec) 

Mouth 

Plankton 

Port  Orchard 

Case  Inlet 

Average 

Range 

10-ft!KMT 

. 

7.68 

1.75 

18/53 

12/16 

1.90 

1.5 -2.3 

6-ft  IKMT 

2.94 

1.26 

24/59 

34/36 

2.15 

1.5 -2.7 

1-m  Ring 

0.78 

0.78 

4/25 

0/2 

2.52 

2.2  -  3.4 

Note:  Mouth  areas  are  based  on  the  physical  dimensions  of  the  forward  openings  of  the 
trawls.  The  cross-sectional  area  of  each  trawl  effective  in  capturing  larger  zooplankton 
is  listed  under  “Plankton."  The  effective  area  of  the  1 0-foot  IKMT  was  determined 
relative  to  that  of  the  6-foot  I  KMT  after  comparative  hauls  with  both  trawls  in  Port 
Orchard  (details  to  be  published  elsewhere).  The  effective  area  of  the  6-foot  IKMT  is 
from  Bar.se  and  Semon  (1963).  Speed  was  measured  at  the  surface  with  aTSK  flow¬ 
meter  while  hauls  were  at  depth  (see  text). 

less  defined  record),  and  the  distribution  of  scattering  with  depth  in  the  sampling  track  was 
graphically  summarized  for  each  cruise.  Cruise  summaries  were  further  grouped  into  winter 
(November  through  April)  and  summer  (May  through  October)  patterns  for  each  area. 

Fishes  were  identified  to  species  (Clemens  and  Wilby,  1961)  and  measured  to  the  nearest 
millimeter.  Euphausiids,  mysids,  amphipods,  and  pasiphaeid  decapods  were  identified  to  species. 
Other  decapods,  larva!  fishes,  pteropods,  isopods,  and  miscellaneous  forms  completed  the  cate¬ 
gories  enumerated.  Concentrations  of  fishes  and  macroplankton  were  determined  for  each  haul 
from  information  on  ship  speed,  haul  duration,  and  trawl  mouth  or  effective  area  (Table  1). 
Distributions  of  organisms  by  5-m  depth  intervals  were  graphically  summarized  for  each  area, 
and  the  results  were  compared  with  the  seasonal  patterns  in  sonic  scattering. 

RESULTS 

Seasonal  characteristics  in  both  sonic  scattering  and  trawl  catches  were  identified  for  both 
Port  Orchard  and  Case  Inlet.  These  characteristics  were  basically  identifiable  as  typical  of  winter 
or  of  summer  conditions  in  each  area. 

Port  Orchard 
Sonic  Scattering 

In  Port  Orchard,  scattering  during  the  day  was  irregular  throughout  the  year.  In  the  winter, 
aggregations  of  targets  often  appeared,  but  these  aggregations  usually  occurred  in  shallow  water 
outside  the  normal  sampling  track.  Day  samples  took  no  fishes  and  essentially  no  plankton.  At 
night,  however,  scattering  was  observed  throughout  the  year  and  was  characterized  by  distinct 
compact  layers  of  individual  targets  in  midwater  during  the  winter  (Figure  3),  and  in  the  summer 
by  nebulous,  often  extensive  scattering  that  was  largely  lacking  in  concentrations  of  individual 
targets  (Figure  4). 
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Fishes,  Winter 

Traw)  samples  from  Port  Orchard  also  reflected  seasonal  differences.  Eighteen  species  of 
fishes  were  taken  in  12  nights  of  sampling  in  Port  Orchard  (Table  2);  the  northern  midshipman 
(Porichthys  notatus)  and  the  bay  goby  (Lepidogobius  iepidus)  were  taken  on  each  cruise.  In  the 
winter,  concentrations  of  fishes  generally  increased  with  depth,  but  the  relationship  of  Pacific 
herring  (Chipea  har*ngus  palksi)  and  surf  smelt  (Hypomesus  pretiosus)  to  the  well-defined 
layers  was  marked  (Figure  5).  At  middepths  coincident  with  the  layer,  catches  of  herring  and 
smelt  ranged  up  to  2/1 ,000  m3  for  a  single  haul.  Smelt  were  taken  in  greatest  numbers  in  hauls 


TABLE  2.  Fishes  Taken  at  Port  Orchard  Narrows  and  Case  Inlet 


Scientific  Name 

Common  Name 

Port  Orchard 
Six  Ten  Ring 

Case  Inlet 
Six  Ten 

Family  Agonidae 

Xeneretmus  latifrons 

Poachers 

Blacktip  poacher 

X  - 

-  X 

Family  Batrachoididae 
Porichthys  notatus 

Toadfishes 

Northern  midshipman 

XXX 

X 

X 

Family  Oupeidae 

Clupea  harengus  pallasi 

Herrings 

Pacific  herring 

-  X  - 

X 

X 

Family  Embiotocidae 
Cymato&Jster  aggregata 

Seaperches 

Shiner  seaperch 

*  X  - 

X 

Family  Engraulidae 

Engraulis  mordax 

Anchovies 

Northern  anchovy 

-  X 

—  — 

Family  Gadidae 

Gadus  macrocephahts 

Codfishes  and  Hakes 

Pacific  cod 

X  X 

Mertucctus  productus 

Pacific  hake 

X 

-  X 

Microgadus  proximus 

Pacific  tomcod 

X 

X 

X 

Theragra  chalcogrammus 

Walleye  pollack 

X 

X 

X 

Family  Gobiidae 
Lepidogobius  Iepidus 

Gobies 

Bay  goby 

XXX 

X 

X 

Family  Osmeridae 
Hypomesus  pretiosus 

Smelts 

Surf  smelt 

X  X 

—  _ 

Family  Pleuronectidae 
Leptdopsetta  biUneata 

Flounders 

Rock  sole 

X  - 

_  _ 

Parophrys  vetutus 

English  sole 

-  X  - 

- 

flattchthyf  steUatus 

Starry  flounder 

X  X 

-  * 

Family  Scorpaenidae 
Sebastodes  spp. 

RockfUhes  and  sco-ptonfishei 

—  — 

X 

X 

Family  Squalidae 

Squakit  acantkics 

Dogfish  sharks 

Spiny  dogfish 

X  X 

X 

X 

Family  Stichaeidae 
Lumptnus  segtu* 

Prickle  backs 

Pacific  snake  bUnny 

X 

—  ~ 

Family  Syngnathidae 
Syngnathus  piseotirmtus 

Pipefishes  and  seahorses 

8ay  pipefish 

X 

X 

Ftmiiy  Zoarcidae 
Lycodopets  pectftca 

Eelpout* 

Black  belly  eelpout 

X 

- 

Note  At!  names  according  to  recommendations  of  the  American  Fisheries  Society. 
Committee  on  the  Nemes  of  Fishes (I960).  An  *  in  »  column  fallowing  4 
common  name  indicates  the  tree  and  trawl  (6-foot  I  KJrfT,  10-foot  I  KMT  or 
t  -m  ring  trawl)  in  which  the  particular  ipecies  w*»  taken 


534 


FRIEDL 


FISHES/  1000M3 


GOBIES/ 1000M3 


zooplankton/iooom’ 


LAVER 


■1  MYSIDS  S3  fcUPHAUSHDS  CZ3  OTHERS 
SCATTERING  CONCENTRATED  ■  DIFFUSE  O 


Figure  5.  Nocturnal  concentrations  of  organisms  from  at! 
hauls  made  in  Port  Orchard  Narrows  during  the  period  of 
winter  scattering  conditions  (November  -  April)  Concentra¬ 
tions  determined  from  total  catch  and  total  volume  of  water 
filtered  in  each  5-m  interval.  Volumes  baaed  on  ship  speed 
and  trawl  mouth  area  for  fishes  (aee  text)  or,  for 
zooplankton,  affective  anas  of  the  trawls  (Table  1).  The 
indicated  acattaring  condition  is  a  seasonal  average  made  by 
1-m  increments  from  ni^ttiy  summaries  from  cruises  Airing 
the  period  (tee  text). 
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between  10  and  15  m,  whereas  herring  concentrations  were  highest  between  15  and  25  m.  The 
midshipman  was  particularly  abundant  in  hauls  below  the  layers  (Figure  6).  Numbers  exceeding 
10/1,000  m3  for  single  deep  hauls  were  recorded  on  several  occasions. 

Concentrations  of  the  bay  goby  were  also  found  to  increase  with  depth  in  the  winter,  with  an 
intermediate  maximum  evident  between  20  and  25  m  (Figure  5).  Though  single  haul  concentra¬ 
tions  as  high  as  12/1,000  m3  were  recorded,  most  winter  hauls  in  Port  Orchard  took  fewer  than 
1/1 ,000  m3  at  all  depths.  The  Lepidogobius  did  not  exceed  50  mm  in  length;  the  majority  were 
between  35  and  45  mm  long  and  thus  were  roughly  equivalent  to  the  Wavelength  of  the  pulses 
produced  by  the  echo  sounder. 

Zooplankton,  Winter 

Low  zooplankton  concentrations  were  typical  of  winter  samples  from  Port  Orchard.  Zoo¬ 
plankton  concentrations  generally  increased  with  depth;  mysids  dominated  the  catch  with 
euphausiids  being  of  secondary  importance  (Figure  5).  Single  haul  concentrations  as  high  as 
400  ind./l  ,000  m3  were  recorded  in  December,  but  average  values  were  often  about  an  order  of 
magnitude  below  that  maximum.  The  mysid  Neomysis  kadiakensis  was  the  most  abundant 
zooplankton  species  taken;  it  was  taken  on  all  cruises  and  was  particularly  common  in  winter 
hauls  below  20  m.  Hauls  near  the  surface,  above  most  of  the  scattering,  regularly  included  the 
mysid  Acanthomysis  mocropsts  and  the  euphausiids  Euphauda  pacifica  and  Tkysanoessa  raschii 
during  the  winter  sampling  period. 

Fishes,  Summer 

In  the  summei  months,  the  distribution  of  organisms  had  changed  along  with  the  pattern  of 
scattering.  Although  the  concentration  of  fishes  continued  to  exhibit  a  general  increase  with 
depth,  the  marked  catches  of  Oupea  and  Hypomesus  at  middepth  were  absent.  Instead,  the 
northern  midshipman  dominated  most  catches  and  average  concentrations  of  fishes  were  ap¬ 
proximately  twice  winter  values  at  comparable  depths;  the  few  Chipea  taken  were  from  hauls 
above  10  m  (Figure  6).  The  summer  distribution  of  the  bay  goby  showed  a  marked  maximum 
between  10  and  15  m  (Figure  6).  In  that  depth  interval,  concentrations  as  high  as  17/1,090  m3 
were  recorded  for  individual  hauls  in  late  summer;  one  haul  in  the  interval,  made  in  20  m  of 
water  on  the  west  side  of  the  Narrows  in  July,  indicated  a  Lepidogobius  concentration  of 
16/1,000  m3.  The  gobies  taken  in  the  summer  months  did  not  differ  significantly  in  length  from 
those  taken  in  the  winter  samples. 

Zooplankton,  Summer 

In  the  summer,  average  zooplankton  concentrations  exceeded  winter  values  by  more  than  sn 
order  of  magnitude  at  all  depths.  Zooplankton  samples  were  clearly  dominated  by  the  mysid 
Neomysis  kadiakensis  at  all  depths  throughout  the  summer  months  (Figure  6).  Zooplankton 
concentrations  as  high  as  9,000  ind./l  ,000  ms  were  recorded  for  a  single  haul  at  middepth  from 
midchannel;  the  single  haul  mad;  on  the  west  side  of  the  Narrows  in  July  took  mysids  in  excess 
of  2,000/1,000  m3  but  few  other  crustacean*.  Larvel  fishes,  whov*  influence  on  sonic  scattering 
has  been  noted  in  other  shoal  areas  (Burd  and  Lee,  1951 ;  Cushing,  et  al.,  1952),  were  taken  in 
increasing  numbers  in  hauls  from  Fort  Orchard  in  July  and  August,  though  absolute  numbers 
were  considerably  less  than  those  recorded  for  A-  kadiakensis  in  the  same  hauls.  Tentacuiate 
ctenophores  were  very  abundant  in  May  samples  and  made  separation  and  identification  of 
other  zooplankton  in  the  hauls  nearly  impossible.  Hauls  with  the  6-foot  HCMT  in  May  averaged 
about  1  gal  of  ctenophores  for  each  minute  of  hauling. 
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Cm  inlet 

Sonic 

The  sonic  scattering  observed  in  Case  Inlet  was  of  two  general  seasonal  patterns.  In  late 
winter  (January  through  April),  well-defined  layers  of  individual  targets  were  common  at  mid¬ 
depths.  Distinct  diel  differences  in  the  depths  of  the  layers  were  typical  (figure  7),  though  day¬ 
time  scattering  above  30  m  was  observed  in  April  over  a  well-developed  layer  between  50  and 
70  m.  scattering  in  the  summer  (May  through  September)  was  typically  nebulous  and  diffuse; 
concentrated  aggregations  of  in  drii  duals  were  rare  (Figure  8).  Diel  differences  in  the  depth  of 
scattering  were  slight  above  40  m,  and  near-surface  scattering  was  sometimes  heavier  during  the 
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Figure  7.  312  kHz  Swnrad  echotouodcr  rer  xd*  of  tome  Ket¬ 
tering  b  the  Cut  Intel  raearch  are*  during  the  period  of  winter 
tcattenng  conations  (January  -  April).  Typtcel  nocturnal  trace*  on 
the  left  knd  day  time  tracer  on  the  right.  Vetae>  speed  2  - 4  kt  A 
pulte  length  of  3  raaec  wu  uttd  in  Stmmy  and  of  1  maac  b 
March  Faint  lint  between  45  and  35  a  n  Match  night  trace  t*  an 
artifact  on  the  recocdtag  paper.  A  pntlarn  of  interference  from  the 
fkihcroeter  on  the  farrdfe  of  the  rrtanrch  veaeei  it  endaet  in  the 
trace*,  ptrtkulerly  the  January  day  trace. 
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Figure  8.  38.2  kH/  Simrad  echosounder  records  of  sonic  scat¬ 
tering  typical  of  the  summer  period  (May  -  September)  in  the 
Case  Inlet  research  area.  Vessel  speed  1-4  kt.  1  msec  pulse 
length. 


day  than  at  night  (Figure  8,  July).  In  August  and  September,  aggregations  of  individual  taigets 
appeared  intermittently  at  depth  during  the  day,  suggesting  the  existence  of  layers,  varying 
greatly  in  horizontal  homogeneity,  between  70  and  80  m  (Figure  8,  August). 

Fishes,  Winter 

Diel  and  seasonal  differences  in  the  distribution  and  abundance  of  fishes  and  zooplankton 
with  depth  occurred  in  Case  Inlet  for  each  cruise.  Twelve  species  of  fishes  were  caught  in  Case 
Inlet  (Table  2),  though  fewer  than  seven  different  species  were  caught  on  most  cruises;  the 
northern  midshipman  was  caught  on  each  cruise.  Although  the  catch  of  fishes  varied  in  number 
and  composition  from  cruise  to  cruise,  the  average  nocturnal  concentrations  of  fishes  were 
roughly  comparable  seasonally.  In  the  winter,  Pacific  herring  (Qupea  hartngus  palkai)  and 
spiny  dogfish  ( Squalus  acanthias),  a  predator  on  Clupea,  were  taken  both  day  and  night  in  hauls 
generally  coincident  with  well-developed  scattering  layers;  the  concentrations  of  Porkhthyt 
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typically  increased  with  depth  (Figure  9A).  The  category  of  Others”  in  Figure  9A  roughly  re¬ 
flects  catches  of  dogfish  above  50  m  and  catches  of  Pacific  hake  (Mrrtuccius  productus),  Pacific 
tomcod  (Microgadus  proximus),  and  rockfishcs  (Sebastodes  spp.y  in  deeper  hauls  during  winter 
months.  Single  haul  concentrations  as  high  as  1/1 ,000  m3  were  recorded  for  Porichthys  at  night; 
maxima  about  0.5/1 ,000  m3  were  calculated  from  single  hauls  for  other  species  noctumally  and 
for  winter  concentrations  of  all  fish  species  from  hauls  during  the  day. 

Fishes,  Summer 

In  the  summer,  nocturnal  hauls  in  Case  In!;  t  were  marked  by  catches  of  Porichthys  at  most 
depths;  no  fishes  were  taken  during  the  day  (Figure  9B).  A  few  herring  were  caught  with  the 
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Figure  9.  Concentrations  of  flihet  from  all  hauls  in  Cam  Inlet. 

r.jl  vshr*  on  ,  'tv  lime  values  on  *t»M 

Cuucentrationi  determined  from  total  catch  and  total  volume 
cf  water  filtered  in  each  5-m  interval.  A:  Concentrations 
during  period  of  winter  scattering  conditions  (January  • 
April),  indicated  nocturnal  scattering  and  day  time  scattering 
at  depth  are  seasonal  averages;  near-surface  day  time  scattering 
waa  recorded  in  April  only  (eee  text).  B:  Concentrations 
during  period  of  summer  scattering  conditions  (May  • 
September).  Nocturnal  scattering  was  diffuse  throughout  moat 
of  the  water-column.  Depth  interval!  in  which  concentrated 
scattering  was  recorded  in  July,  August  oc  September  are  in¬ 
dicated.  Day  time  scattering  at  depth  occurred  only  fat  Aupirt 
and  September  N«  fish  were  taken  in  day  rime  hauls;  intervals 
in  which  day  time  hauls  were  made  are  Mkateif. 
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6-foot  IKMT  at  middeptli  in  August,  but  maximum  single-Kan'  concentrations  .'id  not  exceed 
0.2/1 ,000  m3 ;  sing'e-haul  concentrations  of  Porichthys  rbd  not  exceec  1  / !  ,000  m3  The  mid¬ 
shipman  exhibited  a  marked  maximum  concentration  at  middepths  with  ieasonal  average  values 
just  over  0.6/1,000  rr3  between  45  and  50  m  (Figure  9B). 

Zooplankton,  Winter 

Concentrations  of  zooplankton  in  Case  Inlet  were  low  in  the  winter  and  high  in  the  summer. 
Diel  differences  in  zooplankton  distribution  with  depth  occurred  throughout  the  year.  Mysids 
and  euphausiids  were  the  numerically  dominant  zooplankton  in  samples  from  Case  Inlet;  maxi¬ 
mum  euphausiid  concentrations  generally  lay  above  peak  mysid  concentrations,  particularly 
during  the  day.  Maximum  zooplankton  concentrations  in  the  winter  did  not  exceed  200  ind./ 

1 ,000  m3  for  a  single  haul.  In  winter  collections  at  night,  zooplankton  concentrations  generally 
decreased  with  increasing  depth,  particularly  below  40  m.  Hauls  near  the  surface  at  night  caught 
euphausiids,  mainly  Euphausia  pacifka  and  Thysanoessa  spinifera,  and  the  mysid  Acanthcmysis 
macropsis.  Neomysis  kadiakensis,  the  most  common  zooplankton  species  taken  at  night,  dom¬ 
inated  hauls  at  and  below  middepth  (Figure  10A).  During  the  day,  hauls  above  and  at  the  depths 
of  the  well-developed  scattering  layers  caught  mainly  euphausiids,  principally  E.  pacifica,  with 
T.  raschii  and  T.  spinifera  of  secondary  importance;  deeper  hauls  were  marked  by  catches  of 
N.  kadiakensis,  though  E.  pacific a  remained  relatively  abundant  (Figure  10A). 

Zooplankton,  Summer 

In  the  summer  months,  zooplrnkton  distribution  had  changed.  Concentrations  were  highest 
at  middepth  at  night  and  were  over  an  order  of  magnitude  greater  than  winter  values  at  most 
depths;  maximum  concentrations,  up  to  7,700  ind./I ,000  m3,  were  found  at  middepth  in 
August.  Catches  were  dominated  by  the  mysids  N,  kadiakensis  and  A  macropsis  and  were 
marked  by  the  presence  of  larval  Ashes,  particularly  larval  hake  (Figure  10B).  A.  macropsis  was 
relatively  more  abundant  in  shallower  night  hauls,  whereas  N.  kadiakensis  concentrations  were 
highest  in  middepth  and  deeper  samples  (Figure  10B).  Maximum  zooplankton  concentrations 
for  daytime  hauls  in  the  summer  (about  200  ind./l,000  m1)  occurred  in  the  deeper  samples  in 
August  and  September.  Extensive  concentrations  of  ctenophores,  at  least  equal  in  magnitude  to 
those  of  Port  Orchard,  were  encountered  in  Case  Inlet  in  early  summer.  As  a  result,  separation 
and  enumeration  of  zooplankton  from  May  samples  was  nearly  impossible. 

Biological  Aspects  Of  Sonic  Scattering  Patterns 

Coincident  eclto  sounder  observation  and  midwater  trawi  samples  revealed  generalized 
seasonal  patterns  in  both  Port  Orchard  N snows  and  Case  Inlet.  In  Figure  1 1 ,  the  sequential 
anangement  of  typical  monthly  patterns  of  sonic  scattering  illustrates  the  seasonal  and  spatial 
variations  observed  during  this  study.  Die!  differences  in  the  depth  of  scattering  were  often  pro¬ 
nounced  in  Case  Inlet.  In  Port  Orchard,  daytime  scattering  was  irregularly  distributed  and  often 
evident  as  aggregations  in  shallow  water  noith  of  the  sampling  track.  As  a  result,  only  nocturnal 
scattering  conditions  are  presented  fot  Port  Orchard  in  the  figure.  Scattering  varies  month  to 
month  within  seasons  in  each  area.  Seasonal  transitions  appear  to  be  more  rapid  in  Port  Orchard 
than  in  Case  Inlet,  Observations  from  Port  Orchard  indicate  less  variation  in  scattering  on  succes¬ 
sive  months.  Typical  patterns  for  a  given  month  are  generally  repeated  annually.  Well-defined 
compact  layers  of  individual  targets  develop  in  the  winter  in  each  area.  Associated  with  winter 
ca’ches  of  Pacific  herring  at  layer  depths  were  surf  smelt  in  Port  Orchard  and  spiny  dogfish  in 
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SCATTERING:  CONCENTRATED  ■  DIFFUSE  ■ 

Figure  10.  Concentrations  of  zooplankton  from  ail  hauls  in  Case 
Inlet.  Nocturnal  values  on  the  left,  day  time  values  on  the  right. 
Concentrations  determined  from  total  catch  and  total  volume  of 
water  filtered  in  each  5-m  interval.  Volume  calculated  is  based  on 
ship  speed  and  effective  areas  of  the  trawls  (Table  1).  Scattering 
determined  as  described  for  ptevious  figure.  A:  Concentrations 
during  period  of  winter  scattering  conditions  (January  -  April).  B: 
Concentrations  during  period  of  summer  scattering  conditions 
(May  -  September).  'Trace"  concentration  represents  value  too 
low  to  be  accurately  represented. 


Case  Inlet.  Concentrations  of  the  midshipman,  Porichthys,  increased  with  depth  below  the 
layers,  as  did  concentrations  of  zooplankton  and  bay  gobies  in  Port  Orchard  at  night.  In  Case 
Inlet,  however,  zooplankton  concentrations  were  generally  highest  at  layer  depths,  both  day 
and  n’ht. 

!n  Tin...  .nonths,  scattering  was  typically  nebulous  and  generally  more  extensive,  both 
horizonially  and  vertically,  in  both  areas.  Concentrations  on  individual  targets  were  rare;  heavy 
summer  scattering,  as  indicated  in  Figure  1 1 ,  lacked  the  characteristics  of  compact  aggregations 
typical  of  the  winter  patterns.  Catches  of  large  numbers  of  tentaculate  ctenophores  were  asso¬ 
ciated  with  the  advent  of  typical  summer  scattering  conditions  in  May  in  each  area  (Figure  1 1). 
Whereas  heavy  winter  scattering  was  typically  limited  to  middepth  in  the  vicinity  of  the 
sampling  tracks,  summer  scattering  often  was  most  concentrated  shoreward  of  the  tracks 
(Figure  1 1 ,  Port  Orchard,  west  side).  Porichthys  was  taken  at  most  depths  in  nocturnal  summer 
hauls;  concentrations  increased  with  depth  in  Port  Oi chard  but  were  maximum  at  middeptbs  in 
Case  Inlet.  Zooplankton  concentration:  were  high  in  summer  months.  Nocturnal  middepth 
maxima  of  mysids  and,  in  Port  Orchard,  gobies  roughly  corresponded  to  observed  distributions 
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Figure  il.  Patterns  of  sonic  scattering  typical  of  Port 
Orchard  Narrows  and  Case  Inlet  arranged  sequentially  over 
an  annual  cycle.  Patterns  for  months  in  which  several 
nights  of  observations  were  available  were  made  as 
generalizations  of  all  traces  for  the  month.  Monthly 
patterns  were  generally  repeated  on  successive  years  (see 
text). 


of  heavy,  concentrated  summer  scattering  in  each  area  (Figure  1  1).  Highest  daytime  zooplank¬ 
ton  concentrations  in  Case  Inlet  were  from  hauls  at  depths  of  patchy,  heavy  scattering  below 
60  m  in  August  and  September  (Figure  1 1).  Larval  fishes  were  taken  in  increasing  numbers  as 
summer  progressed;  no  marked  diet  variations  in  numbers  with  depth  were  noted  in  Case  Inlet. 
The  larvae  were  essentially  absent  from  hauls  in  the  winter  period. 

DISCUSSION 

Sonic  scattering  at  38.2  kHz  is  a  regular  feature  of  both  Port  Orchard  Narrows  and  Case  Inlet 
in  Puget  Sound.  The  distribution  and  abundance  of  certain  fishes  and  zooplankton  apparently 
influence  the  characteristics  of  the  scattering;  the  characteristics  change  seasonally  and  the  sea¬ 
sonal  patterns  are  repeated  annually.  The  basic  conclusions  of  this  study  probably  apply  to  many 
of  the  shallow,  peripheral  inlets  of  the  Puget  Sound  system;  though  general  conclusions  for  the 
system  as  a  whole  await  more  extensive  investigations. 

The  relationship  of  certain  fishes  and  zooplankton  to  sonic  scattering  in  shallow  water  is  a 
complex  phenomenon;  similar  types  of  scattering  may  be  caused  by  different  types  of  organisms 


PHOBA.BL.Jr  CAUSES  \S  flQ FT  SOUND 


.4 - 


{Taylor.  MS,  <967,  U  S  Department  of  the  Interior,  1967s,  b;  1968a,  bj  or  by  abiotic  artifact* 
of  the  physical  characteristics  of  the  water  <.  Jlumn  beneath  the  echo  sounder  (ten*,  1965; 

Oiien,  1960;  Tveite,  <969;  Weston,  1958).  In  both  the  North  Sea  and  Saanich  Inlet,  extensive 
investigations  have  ‘elated  sonic  scattering  to  aggregations  cf  organisms.  In  the  North  Sea, 
studies  in  the  1950’s  indicated  aggregations  of  small  fishes  fsuch  as  voung  piichaid,  gobies,  or 
small  herring),  zooplankton  (especial)  cuphausiids),  or  a  combination  of  these  types  were 
generally  associated  with  returns  on  echo  sounders  operating  at  frequencies  between  10  and 
30kHz(Burd  and  Lee,  1951;Cnshi*’"  ?♦  a!.,  E952;  Prrrish  and  Craig,  1951,  Weston,  1958). 

The  nature  and  occurrence  of  the  scattering  usually  changed  over  periods  of  weeks. 

In  Saanich  Inlet  (Vancouver  Island,  Canada),  diffuse  scattering  above  the  sill  depth  (75  m)  is 
generally  associated  with  zooplankton,  though  some  fishes  may  aggregate  in  the  diffuse  layers 
seasonally  (Bary,  Barraciough,  and  Herlinveaux,  1962;  Barraclough  and  Herlinveaux,  MS,  1965; 
Bary  and  Pieper,  in  this  symposium).  Group  scattering  at  various  depths  and  scattering  detected 
at  12  kHz  reflect  aggregation.,  of  larger  fishes,  such  as  herring,  dogfish,  and  hake  (Bary,  1963, 
1966a;  Barraclough  and  Herlinveaux,  MS,  1965;  Herlinveaux,  1962).  Although  long-term  con¬ 
tinuity  in  the  nature  and  structure  of  such  scattering  exists,  detailed  changes  in  the  composition 
and  depth  of  the  layers  can  occur  over  periods  of  weeks,  possibly  reflecting  changing  ecological 
or  oceanographic  conditions  within  the  environment  (Bary,  1 966b). 

As  in  both  the  North  Sea  and  Saanich  Inlet  systems,  the  characteristics  and  causes  of  sonic 
scattering  in  Puget  Sound  are  related  to  seasonally  changing  distributions  and  abundances  of 
fishes  and  zooplankton.  In  Puget  Sound,  Pacific  herring  begin  to  aggregate  in  shallow  areas  near 
spawning  grounds  during  the  month  of  November;  most  fish  spawn  between  January  and  April 
(Chapman,  Katz,  and  Erickson,  1941).  The  period  during  which  aggregations  of  herring  are 
likely  to  be  found  in  shallow  areas  of  the  sound  generally  coincides  with  the  season  when 
typical  winter  patterns  of  scattering  are  encountered.  Moreover,  the  diel  distributions  of 
Pacific  haring  observed  by  Tester  (1943)  near  Saanich  Inlet  closely  resemble  those  patterns 
typical  of  Case  Inlet  in  winter  months.  The  nocturnal  pattern  for  Port  Orchard  in  the  winter 
(toes  not  differ  greatly  from  the  corresponding  pattern  described  by  Tester,  but  Port  Orchard  is 
apparently  too  shallow  for  normal  development  of  daytime  layers.  Similar  modification  of 
herring  behavior  in  shallow  water  was  discuaed  by  Balls  ( 1 95 1 ).  It  is  likely  that  herring  and,  in 
Port  Orchard,  smelt  that  aggregate  in  shallow  areas  of  Puget  Sound  during  spawning  periods  are 
responsible  for  the  scattering  patterns  typical  of  the  winter  in  both  Port  Orchard  Narrows  and 
Case  Inlet.  Predators  upon  herring,  such  as  dogfish  and  hake,  may  also  be  important  to  winter 
scattering,  especially  in  Case  Inlet;  but,  overall,  the  winter  scattering  pattern  moat  accurately 
reflects  changes  in  behavior  and  abundance  of  the  herring. 

Summer  scattering  patterns  develop  in  May;  their  advent  is  accompanied  by  high  numbers  of 
ctenophores  in  the  water  column  in  both  Port  Orchard  and  Case  Inlet.  Typical  summer  patterns 
often  resemble  the  “notsey”  trace  described  by  Cushing  and  Richardson  (1956)  and  associated 
by  them  with  fish  larvae  and  euphauaiids.  Mysid  populations  increase  during  the  period  when 
summer  scattering  conditions  prevail,  and  maximum  numbers  are  attained  in  August.  By  the  end 
of  October,  when  summer  conditions  begin  to  change  tc  winter  scattering  conditions,  popula¬ 
tions  of  mynds  in  both  Port  Orchard  and  Case  Inlet  have  decreased  sharply  (Thome,  1968). 

Small  and  larval  fishes,  often  mentioned  as  potential  causes  of  sound  scattering  in  shallow  areas 
(Barber  and  Haedrich,  1969;  Burd  and  Lae,  195 1 ;  Cushing,  et  tl.,  1952;  Cushing  and  Richardson, 
1956;  McCartney.  Stubbs,  and  Tucker.  1 965;  Parrish  and  Craig,  1931;  Trout,  Lee,  Richardson, 
and  Harden  Jones,  1952),  are  also  abundant  during  the  summer  months  in  Port  Orchard  and 
Case  Inlet.  The  absence  of  significant  vertical  migrations  by  fish  larvae  in  Case  Inlet  may  relate 
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to  the  persistence  of  scattering  above  40  m  in  that  area  throughout  the  tanirwr  Became  the  bay 
gobies,  Leptavpobius  lepidus,  taken  in  Port  Orchard  Narrows  are  roughly  as  long  as  sound  waves 
produced  at  38  2  kHz,  they  might  be  particularly  strong  scattering  agents  (Ht.sey  and  Backua, 

1 962).  Their  relationship  to  the  sonic  scattering  in  Port  Orchard,  particularly  in  summer  when 
their  numbers  are  large,  warrants  further  study. 

Fishes  in  genera!  were  more  dispersed  throughout  the  water  columns  in  both  Port  Orchard  and 
Case  Inlet  during  summer  months;  individual  targets,  not  aggregations,  were  typical  of  summer 
traces  (Figure  4,  July).  Though  a  few  herring  were  taken  in  summer  in  each  area,  high  numbers, 
characteristic  of  winter  hauls,  were  absent.  Porichtkys ,  commonly  taken  in  nocturnal  summer 
samples,  spawns  in  shallow  water  during  the  summer  (Arora,  1948)  and  executes  its  greatest 
vertical  migrations  into  midwater  in  Pott  Orchard  during  summer  and  early  fall  nights  (Cooney, 
1967).  The  diel  vertical  migration  of  Porichthys  from  the  bottom  during  the  day  into  midwater 
at  night  is  more  general  and  extensive  in  Port  Orchard  in  summer  months  (Cooney,  1967).  In 
Case  Inlet,  it  is  possible  that  Porichthys  is  associated  with  the  bottom,  shoreward  of  the  sampling 
track,  during  the  day  and  migrates  horizontally  from  the  bottom  into  the  area  from  which 
samples  were  taken  at  night  (R.T.  Cooney,  personal  communication).  Such  horizontal  migrations, 
if  they  occur,  would  largely  explain  the  diel  disparity  of  fishes  in  summer  hauls  in  Case  Inlet. 

Summer  midwater-trawl  samples  consisted  of  a  greater  variety  and  hughe*  concentrations  of 
organisms  than  did  comparable  winter  hauls.  The  patterns  of  sonic  scattering  at  38.2  kHz  during 
summer  months  appears  to  be  indicative  of  the  biological  conditions  of  the  period.  The  relation¬ 
ship  of  zooplankton  to  scattering  at  lower  frequencies,  12  kHz  for  example,  is  often  tenuous  at 
best  (Bary,  1966a).  On  echo  sounders  operating  at  intermediate  frequencies,  such  as  the  Simrad 
used  in  this  study,  aggregations  of  zooplankton  as  well  as  those  of  small  and  larval  fishes  can  be 
important  sound  scatterers  (Cushing  and  Richardson,  1956).  In  winter  months,  when 
zooplankton  concentrations  are  low,  typical  scattering  patterns  largely  reflect  the  aggregations 
of  fishes  present  in  both  Port  Orchard  and  Case  Inlet.  In  summer  months,  however,  many  more 
potential  targets  are  present  in  each  area.  Some  of  the  scattering  doubtless  results  from  targets 
such  vs  Porichthys,  larval  fishes,  and  gobies;  but  the  concentration  and  distribution  of  these 
forms  do  not  fully  explain  scattering  conditions.  Zooplankton  thus  must  also  be  considered. 

Physical  conditions  known  for  the  research  areas  as  well  as  the  nature  of  the  scattering  observed 
in  summer  months  tends  to  discount  the  importance  of  physical  discontinuities  as  important 
causative  agents  of  the  observed  summer  scattering  patterns.  The  larger  zooplankton,  such  as 
the  mysids  and  euphausiids  common  in  the  summer  samples  of  this  study,  probably  contribute 
significantly  to  the  general  su  mmer  patterns  of  scattering  observed  in  Port  Orchard  and  Case 
Inlet.  The  nebulous  nature  of  sonic  scattering  in  the  summer  period  when  zooplankton  con¬ 
centrations  are  high  further  suggests  such  *  contribution.  Studies  such  as  those  of  Barv  and  Pieper 
(t'nis  symposium)  and  Cooney  [pcnrnai  r^.iu/umk^tion)  wherein  intermediate  and  higher  frequen¬ 
cies  are  employed  simultaneously  will  further  elucidate  the  exact  nature  of  the  relationships  of 
large  zooplankton  to  sonic  scattering  in  inshore  waters. 

Gear-dependent  factors  influence  the  results  and  therefore  the  interpretations  and  conclu¬ 
sions  of  studies  based  on  trawl  samples.  Selectivity  of  trawls  and  avoidance  by  organisms  doubt¬ 
less  influenced  the  concentrations  and  distributions  of  organisms  obtained  in  this  study.  Zoo¬ 
plankton,  particularly  larger  forms  such  as  mysids  and  euphausiids,  may  be  quite  adept  at  avoid¬ 
ing  some  sampling  devices  (see  discussion  in  Gutter  and  Anraku,  1968).  Despite  the  use  of 
graded  mesh  nets  on  the  10-foot  and  6-foot  IKMT  and  the  consequent  dependence  on  estimates 
of  effective  areas  for  computing  zooplankton  concentrations  (Table  1),  concentrations  of  this 
study  are  comparable  to  those  obtained  by  Thome  (1968)  with  plankton  nets  in  the  same  areas. 
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«  has*:  seasonaJ  chtngev  in  ^'upLnkion  abundance  arc  prob*b*v  accurately  represented  by 
the  trains  used  in  this  study,  and  defied  deternunahons  of  precise  values  were  beyond  the 
scope  of  tht  work. 

Though  many  aspects  of  geaa  dependency  will  be  presented  in  another  paper,  some  comments 
concerning  the  distribution  and  abundance  of  fishes  indicated  in  this  study  are  pertinent. 
Harnsson  (1967)  presents  data  indicating  larger  nets  catch  larger  or  more  active  species  of 
mesopelagic  fishes.  In  this  study,  more  fish,  larger  fish,  and  generally  more  active  fish  were  taken 
by  the  10-foot  IKMT,  despite  its  generally  slower  fishing  speeds  (Table  1).  Though  total  species 
taken  by  the  6-foot  and  10-foot  IKMT  are  comparable  (Table  2),  nearly  all  the  herring  and  smelt 
and  many  of  the  gadid*  were  taken  by  the  larger  trawl.  The  differential  was  larger  than  would 
be  expected  from  considerations  of  trawl  sizes  alone.  The  larger  trawl,  which  generally  fished 
more  slowly,  may  have  produced  fewer  mechanical  stimuli  to  warn  active  fishes  of  its  approach 
(Chapman,  1964),  or  it  may  have  herded  herring  in  the  vicinity  of  the  trawl  mouth  (Blaxter, 
Parrish,  and  Dickson,  1964)  better  than  the  smaller  trawl.  Less  active  forms,  such  as  Porichthys 
and  Squalus,  were  taken  roughly  in  proportion  to  the  size  of  the  nets  and  their  speed  of  towing. 
The  presence  and  distribution  of  fishes  important  to  sonic  scattering  in  the  research  areas  would 
essentially  have  been  missed  if  the  6-foot  IKMT  and  the  1-m  ring  trawl  had  been  used  exclusively 
in  this  study.  At  best,  however,  even  the  information  from  the  10-foot  IKMT  only  indicates  the 
presence  of  fishes  important  as  winter  sonic  scatterers  in  Case  Inlet  and  Port  Orchard.  Recent 
work  in  Puget  Sound  with  large  trawls  indicates  that  the  concentrations  of  herring  and  smelt 
calculated  in  this  study  at  depths  of  winter  scattering  layers  are  at  least  two  orders  of  magnitude 
low  (T.  Ssunders  English,  unpublished  data). 

Although  trawls  such  as  the  6-foot  IKMT  may  adequately  sample  DSL  organisms  m  the  open 
sea,  their  ability  to  accurately  sample  and  describe  inshore  scattering  populations  of  active  fishes 
appears  limited.  Distributional  aspects  of  inshore  fish  populations  may  be  reflected  in  IKMT 
samples.  Inshore  areas  such  as  Puget  Sounds  however,  possess  well-developed  sonic-scattering 
layers  composed  of  fishes  whose  strength  and  cunning  put  them  on,  if  not  beyond,  the  very  edge 
of  the  Isaacs-Kidd  midwater  trawl  universe  spoken  of  by  others  at  this  symposium.  To  use  such 
trawls  in  these  inshore  areas  and  to  expect  the  samples  to  reflect  meaningful  concentrations  of 
important  organisms  is  somewhat  akin  to  trying  to  guess  the  number  of  beans  in  a  jer  one  cannot 
see.  Further  studies  of  sonic  scattering  in  the  Puget  Sound  system  clearly  must  include  work  with 
large  trawls  to  further  describe  the  distribution  and  abundance  of  the  fishes  related  to  the 
phenomenon. 

SUMMARY 

Cruises  to  investigate  sonic  scattering  in  the  Port  fWrd  N-'r-'w*  and  Case  I^let  areas  of 
Puget  Sound  were  condu  cted  at  irregular  intervals  over  a  2  1/2  year  period.  Scattering  observa¬ 
tions  were  made  with  a  3S.2*kHz  Sim  rad  echo  sounder,  and  ample*  were  taken  with  three  sizes 
of  midwater  trawls.  Thv:  following  points  generally  summarize  the  work. 

Sonic  scattering  at  38.2  kHz  is  a  regular  feature  of  both  Port  Orchard  Nanows  and  Case  Inlet, 
though  a  true  diel  pattern  in  the  distribution  of  scattering  was  evident  only  in  the  scatterir$  of 
the  latteT,  deeper  area. 

The  scattering  has  two  main  seasonal  aspects.  The  pattern  of  winter  seems  to  be  associated 
with  pretpawning  aggregations  of  herring  tn  both  areas  and,  in  Port  Orchard,  with  similarly 
inclined  smelt.  The  summer  pattern  of  scattering  is  more  nebulous  than  that  of  the  winter,  it  is 
associated  with  large  numbers  of  zooplankton  in  the  net  hauls  and  with  the  generally  dispersed 
character  of  the  distribution  of  Porichthys  throughout  the  »c*er  column.  The  mystd  Neomyns 


kttdiakgr.tii  it  particularly  abundant  tr.  plankton  samples  Oenopnores  are  abundant  in  the  *asiy 
summer  and  high  numbers  of  gobies  and  larval  fishes  «rt  typical  m  the  latter  part  of  the  season 

The  nets  uaed  in  thi*  work  were  adequate  for  survey  purposes,  indicating  what  was  present  in 
the  two  area*,  and  for  capture  of  lets  active  fishes,  such  as  Porichthys  or  Squahif,  in  representa¬ 
tive  numbers.  Concentrations  of  active  fishes  such  as  herring  and  smelt,  however,  are  probably 
several  orders  of  magnitude  too  low. 

Puget  Sound  seems  to  resemble  other  inshore  areas,  such  as  the  North  Sea  and  the  Strait  of 
Georgia -Saanich  Inlet  system,  in  which  the  seasonal  aspects  of  sonic  scattering  have  been 
studied.  It  appears  as  if  seasonal  behavioral  patterns  of  the  various  fishes  in  the  system  greatly 
influence  the  scattering  conditions  observed.  During  some  seasons,  high  concentrations  of  zoo¬ 
plankton  and  small  fishes  also  may  influence  scattering  conditions. 
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DISCUSSION 

Aron:  The  College  of  Fi*heries  has  done  a  lot  of  work  in  Port  Orchard.  Have  you  tried  to  com¬ 
pare  your  catches  in  the  scattering  layers  to  the  trawl  catches,  knowing  that  a  lot  of  the 
animals  which  they  catch  on  the  bottom  during  the  day  move  up  at  night? 

Fried!:  Yes,  my  si  Jy  actually  was  somewhat  of  a  continuation  of  work  done  on  the  demersal 
fish  population  of  Port  Orchard  by  R.T.  Cooney.  He  found  some  species  demonstrated  high  day- 
night  variability  in  beam  trawl  catches,  and  we  suspected  some  of  the  fishes  which  lived  on  or 
near  the  bottom  during  the  day  might  be  joining  the  midwater  community  at  night.  The  first 
midwater  trawl  samples  taken  to  investigate  this  further  in  the  Narrows  were  taken  in  association 
with  Cooney's  work.  Forms  such  as  Gadis  and  some  flatfish  seem  to  execute  such  migrations  in 
Port  Orchard;  they  are  included  in  my  category  “Others”  in  the  illustrations.  In  Case  Inlet  we 
often  caught  flatfish  near  the  surface  at  night,  a  phenomenon  others  have  reported,  as  you  well 
know.  I  believe  there  is  a  portion  of  the  population  in  these  shallow  areas  that  resides  on  the 
bottom  during  the  day,  as  demersal  fishes  or  epibenthic  organisms,  and  comes  into  midwater  at 
night.  One  would  expect  the  numbers  of  such  firhes  to  increase  in  deeper  hauls.  We  generally 
tended  to  avoid  taking  hauls  near  the  bottom  with  the  Isaacs-Kidd  trawls,  although  the  ring  net 
encountered  the  bottom  a  few  times. 


COMPARISON  OF  DIFFERENT  INVESTIGATIVE  TECHNIQUES 
FOR  STUDYING  THE  DEEP  SCATTERING  LAYERS 


William  D.  Clarke 

Westinghouse  Ocean  Research  Laboratory 
San  Diego,  California 


ABSTRACT 


The  use  over  the  past  five  years  of  different  investigative  techniques  to  study  the  compo- 
dtioa  and  vertical  distribution  of  the  deep  scattering  layers  has  allowed  for  new  interpretations 
of  the  structure  and  behavior  of  this  migrating  community.  The  different  approaches  to  be 
compared  aze  (1)  investigations  with  an  instrumented  midwater  trawl,  (2)  acoustic  investiga¬ 
tions  with  a  high-frequency  focused  side-looking  sonar,  and  (3)  observations  from  submersiblei 
Each  of  these  techniques  has  permitted  the  gathering  of  different  but  complementary  types  of 
information  on  the  organisms  occurring  in  that  migrating  midwater  community. 


An  instrumented  miu  water  trawl  (Figure  1)  was  used  during  a  study  of  the  light  regime 
of  organisms  associated  with  sonic  scattering  layers  in  the  Santa  Barbara  Basin  off  southern 
California  (Clarke,  1966).  The  trawl  was  equipped  with  sensors  to  measure  depth,  eminent 
light  (irradiancc),  temperature  and  the  velocity  of  the  trawl  through  the  water.  During  operation 
of  the  trawl  the  signals  from  the  sensors  were  FM-muitiplexed  to  shipboard  readout  equipment 
(strip  chart  recorders  and  frequency  counters)  via  a  single-conductor  towing  cable.  Thi's-the 
depth  at  which  the  trawl  fished,  the  light  level  and  temp  erature  at  that  depui,  as  well  as  the 
speed  of  the  trawl  through  the  water  could  be  monitored  ir  real  tini*  during  trawling 
operations. 

The  cod  end  of  the  midwater  trawl  was  equipped  wi*h  a  nultichambrred  sampling  device, 
the  chambers  of  which  were  arranged  linearly.  Each  chamber  could  bo  closed  on  command  from 
the  ship  while  trawling  at  depth,  thus  permitting  the  taxing  of  discrete  samples  of  organisms  at 
will  from  any  portion  of  the  water  column.  At  the  star,  of  trawling  operations,  the  doors  of  all 
of  the  chambers  in  the  cod  end  sampler  were  in  the  open  petition,  dlcw'ng  oiganisms  that 
entered  the  trawl  to  pass  through.  When  the  selected  sampling  depth  was  ’•cached,  the  rearmost 
set  of  doors  was  closed  and  collection  of  the  first  sample  began.  After  a  predetermined  length 
of  time  (usually  10  to  1 5  min),  the  second  set  of  doors,  just  ahead  of  the  rear  set,  was  closed 
forming  a  chamber  containing  the  first  collection  of  organisms  and  at  the  same  time  starting 
the  collection  of  the  second  sample  in  front  of  ths  newly  dosed  doors.  Again,  after  a  predeter¬ 
mined  length  of  time  the  third  set  of  doors  was  closed.  This  process  was  repeated  until  all  of  the 
doors  were  dosed  yielding  three  discrete  samples  and  one  oblique  sample  (from  last  sampling 
depth  to  surface).  A  more  complete  description  of  the  instrumented  trawl  and  Its  opera  Ion 
given  by  Bourbeau,  Clarke  and  Aron  (1966). 

The  trawling  investigations  of  sonic  scattering  layers  were  conducted  primarily  in  the  Santa 
Barbara  Basin  (Figure  2),  which  is  the  northernmost  of  the  submarine  basins  occurring  °n  the 
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continental  border  and  off  southern  California.  The  deepest  part  of  thL  basin  is  615  m.  It 
communicates  to  the  west  with  the  open  ocean  over  a  still  475  m  deep,  thus  there  is  a  pool  of 
bottom  water  140  m  deep  that  has  restricted  circulation.  The  characteristics  of  this  bottom 
water  are  sufficiently  different  from  the  waters  overlying  them  that  they  affect  the  distributions 
of  some  of  the  migrating  organisms  associated  with  the  sonic  scattering  layers.  The  deeper 
hydrography  and  geology  of  the  basin  have  been  described  by  Emery  (1954),  and  Ritterberg, 
Emery  and  Orr  (1955).  The  physical  oceanography  of  the  region  is  dealt  with  by  Reid  (1965). 

The  instrumented  trawl  investigations  were  undertaken  to  leant  more  about  the  vertical 
distributions  of  organisms  that  might  make  up  the  sonic  scattering  layers,  and  the  possible 
correlation  of  those  organisms  and  the  scattering  layers  with  the  distribution  of  submarine  light. 
The  diumaUy  migrating  community  in  the  Santa  Barbara  Basin  contains  a  small  number  of 
species  compared  to  the  migrating  communities  of  neighboring  Santa  Cruz  Basin  or  of  the  open 
ocean.  These  few  species  are  very  abundant  though  (see  Ebe ling’s  contribution).  A  dimunition 
in  the  numbers  of  midwater  organisms  and  in  the  intensity  of  the  sonic  scattering  layers  occurs 
in  the  shoaler  portions  of  the  basin,  particularly  toward  the  eastern  end.  For  that  reason,  the 
trawling  studies  were  limited  to  the  deepest  part  of  the  basin  where  the  sonic  scattering  layers 
were  strongest  and  the  midwater  organisms  most  prevalent. 

The  study  extended  over  a  year’s  period,  and  was  supported  by  the  Division  of  Biology  and 
Medicine  of  the  U.S.  Atomic  Energy  Commission  under  contract  AT(04-3>584.  Beginning  in 
January  1965,  and  as  nearly  as  possible  thereafter  on  a  monthly  basis,  cruises  were  scheduled 
to  include  the  evening  rise  and  morning  descent  of  the  sonic  scattering  layers  during  a  continuous 
24-hour  period.  Several  sampling  procedures  were  experimented  with  during  the  cruises  to 
accomplish  the  following  objectives:  (1)  to  establish  whether  the  same  organisms  were 
associated  with  the  sonic  scattering  layers  as  the  layers  moved  to  and  from  the  surface  (hiring  the 
diurnal  cycle,  and  (2)  to  learn  more  about  the  behavior  of  the  migrating  organisms  relative  to 
light  level.  Initially,  sampling  was  conducted  following  a  constant  light  level,  or  isohitne 
(Figure  3),  in,  above,  or  below  the  1 2-kHz  sonic  scattering  layers.  During  periods  of  rapid  change 
in  the  depth  of  penetration  of  solar  light,  trawling  depth  was  changed  so  as  to  terrain  with  the 
same  light  regime.  This  was  done  by  using  the  photometer  mounted  on  the  trawl  to  monitor 
the  light  level  and  by  adjusting  the  trawl  depth  to  stay  at  the  tame  light  level  leohtnte  sampling 
with  the  trawl  resulted  in  three  discrete  samples  from  the  tight  level  being  followed  and  a  fourth 
integrated  collection  from  the  isolume  depth  to  the  surface.  This  tort  of  aunpUng  waa  conducted 
during  migratory  and  nonmigratory  periods  of  the  sonic  scattering  layers. 


Ruin  area  (depth*  indicated  in  fathoms) 
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On  lst«r  cruises,  in  addition  to  the  isolume-foilowing  tows,  oblique  tows  were  made  to  obtain 
d'screte  samples  of  organisms  from  different  strata  of  water  between  the  maximum  sampling 
depths  selected  for  oblique  town  and  the  surface.  These  types  of  tows  were  made  initially  when 
light  conditions  and  the  sonic  scattering  layers  were  fairly  stable  (i.e.  at  midday  or  midnight),  so 
that  the  relative  positions  and  vertical  distributions  of  the  migratory  midwater  organisms  could 
be  determined. 

To  make  an  oblique  tow,  the  trawl  was  lowered  to  the  maximum  depth  to  be  sampled;  then 
the  rear  doors  of  the  cod  end  sampler  were  closed  and  retrieval  of  the  trawl  was  started 
immediately.  Each  of  the  three  remaining  doors  in  the  cod  end  sampler  was  closed  at  a  pre¬ 
determined  depth  as  the  trawl  was  brought  obliquely  to  the  surface.  Thus,  discrete  samples  of 
organisms  were  obtained  from  four  different  strata  of  water.  In  most  instances,  each  stratum  of 
water  was  70  to  80  m  thick. 

On  several  cruises,  oblique  tows  were  repeated  one  after  the  other  as  the  light  regime  changed. 
This  was  done  to  look  at  changes  in  the  distributions  of  migrating  organisms  relative  to  light 
conditions.  Trawling  was  started  before  the  migrations  had  begun,  and  the  same  strata  of  water 
were  sampled  repeatedly  on  successive  oblique  tows  with  the  trawl  throughout  the  migrational 
period.  In  this  way,  it  was  possible  to  observe  changes  in  the  composition  of  the  organisms  at 
given  depths  and  to  follow  the  main  concentrations  of  specific  organisms  either  upward  or 
downward,  depending  on  the  part  of  the  diurnal  cycle  being  investigated. 

Trawls  were  also  made  at  the  depths  of  the  sonic  scattering  layers  appearing  on  a  12-kHz 
echo-sounder  record  to  determine  the  types  of  organism  occurring  in  those  layers  and  the 
intensity  of  the  light  associated  with  the  layers.  After  the  depth  of  the  sound-scattering  layer 
had  been  reached  with  the  trawl,  the  light  intensity  was  noted  and  the  trawl  was  fished  horizon¬ 
tally  in  the  layer,  taking  three  discrete  samples  of  organisms  at  that  depth  and  an  oblique 
collection  to  the  surface.  These  tows  established  what  isolumes  the  scattering  layers  were  follow¬ 
ing  and  what  organisms  were  associated  with  those  layers. 

Tows  following  more  than  one  isolume  were  made  during  the  last  cruises.  The  trawl  was 
fished  at  the  first  selected  isolume,  taking  a  discrete  sample  of  organisms  at  that  light  level.  At 
the  completion  of  that  collection  ar.  oblique  sample  was  taken  from  the  depth  of  the  first 
isolume  to  the  depth  of  the  second  selected  isolume.  Once  the  depth  of  the  second  isolume  was 
reached  a  discrete  sample  of  organisms  was  taken  at  that  light  level  and  to  complete  the  trawling 
operations  an  oblique  collection  was  made  from  that  depth  to  the  surface.  Thus  a  discrete 
sample  was  obtained  from  each  of  the  two  isolume  levels  and  two  oblique  samples. 

The  most  fruitful  sampling  program  appeared  to  be  a  combination  of  oblique  tows  followed 
by  isolume-foilowing  tows.  The  oblique  tows  established  the  depths  of  the  different  migrating 
organisms  relative  to  the  vertical  distribution  of  light,  and  that  information  could  be  used  for 
selecting  a  light  level  associated  with  a  given  organism  to  be  sampled  during  migrational  periods. 
The  isolume  sampling,  in  turn,  gave  a  check  on  whether  migrating  organisms  remained  with  the 
same  light  regime  as  has  been  demonstrated  for  sonic  scattering  layert  (see  Kampa’s 
contribution). 

The  analysis  of  the  biological  collections  was  carried  out  primarily  with  the  dm  of 
establishing  (1)  the  relationship  of  migrating  organisms  to  changing  submarine  light  distribution 
during  the  diurnal  cycle  and  (2)  the  vertical  depth  ranges  of  the  principal  organisms  making  up 
the  migrating  community.  Three  organism,  as  sampled  by  the  6-A  laaaca-Kidd  Midwater  Trswi, 
emerged  as  the  major  constituents  of  the  migrating  community  in  the  Santa  Barbara  Basin 
— odated  with  the  sonic  scattering  layers  obeemd  at  12  kHz.  The  euphaustid  shrimp,  the 
•ergeftid  shrimp  and  the  lanterafah  dominated  the  trawl  collections.  The  former  two  occurred 
in  greatest  abundance  at  the  tame  depths  that  the  12-kHz  sonic  scattering  layers  wen  observed, 
while  the  Unterofish  occurred  in  greatest  abundance  primarily  below  the  scattering  layers. 
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The  three  dominant  migrating  organisms,  euphausiid  shrimp,  sergecfii  ur'mp,  and  Jantemflih, 
are  distributed  vertically,  for  the  most  part,  the  euphausiid  shrimp  forr  ;  -ppeunoet 
element.  This  layered  structure  was  maintained  throughout  the  migrationai  periods  ano  during 
the  midday  period  of  quiescence  when  the  sonic  scattering  layers  and  migratory  organisms  are 
at  depth.  Only  at  night,  when  the  scattering  layers  reached  the  surface  was  there  any  significant 
breakdown  of  this  structure.  In  a  sense,  the  migrating  community  forms  a  layer  cake,  each  layer 
consisting  primarily  of  one  particular  organism.  In  the  Santa  Barbara  Basin,  the  uppermost  layer 
is  dominated  by  euphausiid  shrimp,  the  middle  layer  by  sergestid  shrimp  and  the  lowermost 
layer  by  lanternflsh.  These  three  migrating  organisms  occurred  in  greatest  numbers  throughout 
the  night  and  day  in  a  constant  low-level  light  regime  which  they  followed  as  the  depth  of  solar 
light  penetration  changed.  The  light  levels  these  migratory  organisms  sought  were  determined 
from  the  irradiance  measurements  made  by  the  photometer  on  the  trawl  during  collection  of 
the  organisms.  As  would  be  expected  from  the  layered  structure,  the  light  preferences  are  not 
the  same  for  each  species  of  organism.  Thus  the  vertical  stratification  within  the  midwater 
migrating  community  results  from  the  different  light  preferences  of  the  organisms  occurring  in 
it.  The  euphausiid  shrimp  were  present  in  greatest  numbers  at  light  levels  lying  between 
1  X  10'3  to  1  X  10'4  pW/cm1,  whereas  sergestid  shrimp  were  most  abundant  at  light  levels 
between  1  X  10’*  to  1  X  10**  isW/cm2.  The  lantemllsh  were  distributed  at  depths  where  light 
levels  were  for  the  most  part  below  the  sensitivity  of  the  photometer  on  the  trawl.  Their 
preferred  light  levels  would  appear  to  be  less  than  1  X  10*  pW/cmJ  (Clarke,  1966). 

The  three  major  organisms  making  up  the  midwater  migrating  community  in  the  Santa 
Barbara  Basin  are  luminescent  forms.  They  have  complex  photophores  which  are  primarily 
ventrally  located  and  emit  light  downwards,  fitting  the  requirements  for  the  counterthading 
hypotheses  of  silhouette  elimination  (Clarke,  1963).  The  following  of  a  constant  light  level,  as 
euphausiids,  sergestids,  and  lanternflsh  do,  would  be  expected  if  they  are  using  luminescence  to 
mask  their  ventral  silhouette  from  predators  in  the  down  welling  light  field.  By  way  of  contrast, 
three  other  major  organisms  found  in  the  midwater  trawl  collections,  two  species  of  pesiphaeid 
shrimp  and  a  deepwater  smelt,  Bathylagus  stilbius,  did  not  possess  photophores,  were  not 
associated  with  a  constant  light  level,  and  did  not  migrate  diumally  as  a  layer. 

Thus,  findings  of  the  instrumented  trawl  study  demonstrated  that  three  abundant  organisms 
formed  a  multilayered  migrating  community  in  Che  Santa  Barbara  Basin  rt  depths  corresponding 
to  the  sonic  scattering  layers.  The  vertical  depth  distributions  and  thickness  of  the  euphausiid 
and  sergestid  shrimp  layers  of  this  migrating  community  corresponded  most  ckwsly  with  ths 
depths  and  thickness  of  the  sonic  scattering  layers  observed  at  1 2  kHz.  The  third  element  of  the 
community,  the  lanternflsh,  occurred,  for  the  most  part,  below  the  12-kHz  scattering  layers. 
Significantly,  the  most  prevalent  species  of  lanternflsh,  StertobnchMa  kucoptma,  has  a  fat* 
filled  swimbladder  which  would  make  it  a  poor  sound  scatterer. 

A  word  of  caution  as  to  interpretation;  the  euphausiid  and  sergsstid  shrimp  caught  so 
abundantly  by  the  6-ft  laics- Kidd  Midwater  Trawl  may  not  be  the  sonic  scattamra  msponafela 
for  the  layers  on  the  12-kHz  echo-sounder.  Barham  (1963)  has  musttred  convincing  evidauca 
that  physonect  si  phone  phores  usociated  with  the  same  migrating  community  nay  be  the  mam 
important  sonic  scitterers.  1  believe,  though,  that  the  midwattr  crustaceans  can  alec  make 
significant  contributions  to  sound  scattering  based  on  two  Bass  of  evidence:  (1)  ths  work  of 
Smith  (1954)  demonstrating  that  shrimp  arc  capable  of  scattering  sound  under  experimental 
conditions  and  (2)  the  work  of  Enright  (1 963)  which  demonstrated  on  theoretical  pounds  that 
euphausiid  shrimp  should  be  capable  of  scattering  found  since  they  am  lam  oompsNriMe  ten 
sea  water  and  have  a  density  differing  from  sea  watsr.  Another  objection  that  acousticians  hem 
railed  in  the  past  was  that  ths  populations  of  these  crustaceans  warn  not  danea  enough  to 
scatter  sound.  The  United  observations  that  I  have  made  from  submarribbs  both  hi  the  Atfantk 


556 


CLARKE 


and  Pacific  convinces  me  that  there  are  adequate  numbers  of  euphausiid  and  sergestid  shrimp  at 
scattering  layer  depths  to  account  for  substantial  amounts  of  sonic  scattering,  but  these 
observations  will  be  discussed  later. 

A  peculiar  aspect  of  the  migrating  midwater  community  in  the  Santa  Barbara  Basin  is  that  its 
deepest  elements,  the  sergestid  shrimp  and  lanternfish,  are  limited  in  their  downward  migration 
by  the  pool  of  bottom  water  that  lies  below  sill  depth.  This  water  contains  little  dissolved 
oxygen  and  appears  to  be  unfavorable  both  to  the  sergestid  shrimp  and  the  lanternfish. 
Collections  of  organisms  made  below  sill  depth  did  not  contain  these  two  elements,  and  the 
photometer  on  the  trawl  did  not  register  the  characteristic  luminescent  flashes  typical  of  the 
overlying  water.  By  comparison,  these  same  organisms  migrated  deeper  in  the  neighboring  Santa 
Cruz  Basin  where  the  dissolved  oxygen  content  remains  higher  at  greater  depths  than  in  the 
Santa  Barbara  Basin. 

Finally,  it  is  comforting  to  note  that  Dr.  Ebeling  (see  Ebeling’s  contribution)  and  I  arrived 
at  essentially  the  same  community  structure  for  the  Santa  Barbara  Basin,  particularly  in  respect 
to  the  migrating  midwater  community.  Our  respective  programs  were  independent  of  one 
another  and  we  used  different  sampling  regimes  to  make  our  biological  collections,  although  we 
did  use  the  same  trawling  gear.  The  important  fact  to  emerge  from  both  studies  was  that  the 
migrating  community  in  that  area  was  dominated  by  euphausiid  shrimp,  sergestid  shrimp,  and 
lanternfish  which  were  layered  vertically  from  top  to  bottom  in  that  order. 

The  second  study  to  be  discussed  here  was  the  assessment  of  a  high-frequency  side-looking 
sonar  for  use  in  the  study  of  midwater  organisms  and  in  particular  the  sonic  scattering  layers. 
The  particular  unit  used  was  an  early  model  Westinghouse  L-15  side-looking  sonar  which 
operated  at  frequencies  of  150  and  160  kHz  (Laing  and  Nelkin  1966).  The  investigations  were 
conducted  in  the  San  Diego  Trough  off  southern  California  in  December  1966.  The  sonic 
scattering  layer  study  using  the  side-looking  sonar  was  conducted  in  conjunction  with  investiga¬ 
tions  of  the  scattering  layers  by  personnel  of  the  Naval  Electronics  Laboratory  (NEL)  using  the 
submersible  DEEPSTAR  4000. 

The  side -looking  sonar  was  designed  to  operate  in  two  different  modes,  a  long-range 
unfocused  mode  and  a  short-range  focused  mode.  The  short-range  focused  mode  was  used  for 
the  midwater  investigations  of  the  sonic  scattering  layers.  In  this  mode  the  two  narrow-beam 
transducers  of  the  side-looking  sonar  insonify  a  fan-shaped  sector  at  right  angles  to  rite  path 
of  the  towed  body  on  which  the  transducers  are  mounted.  Sound  scattering  is  measured  from 
6  m  out  to  61  m  to  each  side  and  downwards  from  the  towed  vehicle.  Speed  is  adjusted  so  that 
each  sound  pulse  insonifles  a  new  section  of  water  immediately  in  front  of  the  last  one 
insonified.  Thus  a  180  degree  arc  of  water  is  continuously  probed  by  sound  as  the  side-looking 
sonar  moves  through  the  water.  The  technique  is  very  similar  in  principles  to  that  used  in  aerial 
photography. 

The  mid  water  records  obtained  by  the  side -looking  sonar  were  most  satisfactory  in  respect 
to  obtaining  information  on  the  relative  concentrations  of  sound  scatteren  above,  in,  and 
below  the  sonic  scattering  layers.  One  of  the  main  advantages  of  this  device  is  that  it  can  pro¬ 
file  through  the  water  column,  miking  all  sound  measurements  st  s  fixed  range  so  that  sound 
scattered  from  one  part  of  the  water  column  can  be  compared  with  those  in  another  part  of  the 
water  column.  Hull-mounted  sonars  and  echo-sounders  cannot  do  this,  and  as  ranges  change 
with  the  migration  of  the  sonic  scattering  layers,  target  strengths  for  the  same  organisms  register 
differently.  It  is  common  experience  with  these  surface  unite  to  have  sonic  scattering  layers 
appear  or  disappear  during  vertical  migrations. 

The  high-frequency  side -looking  sonar  also  has  the  advantage  of  being  able  to  look  st  the 
finer  structure  of  the  sonic  scattering  layers,  thus  being  able  to  obtain  some  measure  of  the 
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patchiness  of  sound  scatterers  in  the  horizontal  plane  and  the  numbers  of  scattered  per  unit 
volume.  Most  of  this  sort  of  detail  is  not  registered  by  hull-mounted  sonars. 

The  results  of  the  side-looking  sonar  investigations  indicated  that  there  was  a  definite 
stratification  of  sound  scatterers  in  the  water  column.  The  most  intense  levels  of  sonic  scattering 
registered  by  the  side-looking  sonar  corresponded  in  depth  with  sonic  scattering  layers  observed 
on  a  1 2-kfiz  echo-sounder  and  with  the  vertical  distribution  of  potential  sound-scattering 
organisms  observed  by  NHL  scientists  in  the  DEEPSTAR  4000.  The  changes  in  the  relative 
densities  of  sonic  scatterers  are  clearly  seen  in  the  side-looking  sonar  records.  Figure  4  shows  a 
record  of  the  low  concentrations  of  sound  scatterers  typically  found  below  the  scattering  layers. 
Figure  5  shows  large  irregular  sonic  targets  near  the  top  of  the  sonic  scattering  layers  which 
are  probably  aggregations  of  organisms.  The  interesting  points  emerging  from  the  side-looking 
sonar  records  are  that  the  sonic  scattering  layers  are  not  uniformly  distribu,  d  horizontally 
and  in  many  instances  are  more  like  an  irregular  mosaic,  consisting  of  schools  of  organisms 
separated  by  open  volumes  of  water  which  contain  few  sound  scatterers.  Other  parts  of  the  layers 
are  more  continuous,  and  patchiness  is  less  pronounced.  Also,  there  are  qualitative  and 
quantitative  differences  in  the  side-looking  sonar  records  from  the  top  of  the  sonic  scattering 
layers  to  the  bottom.  Thus,  in  comparing  the  results  from  the  instrumented  trawl  study  with 
those  obtained  by  the  side-looking  sonar,  the  struciure  of  the  sonic  scattering  layers  taxes  on 
a  new  dimension.  The  “three-layer  cake”  as  discerned  by  the  instrumented  trawl  appears  to  be 
more  like  a  three-layer  mosaic  of  tiles  from  which  some  of  the  tiles  are  missing.  Patchiness  seems 
to  be  a  universal  characteristic  of  marine  populations,  and  the  sonic  scattering  layers  appear  to 
be  no  exception.  The  vertical  dimensions  and  structure  of  this  migrating  midwater  community  off 
southern  California  seem  fairly  well  established  from  studies  to  date.  From  top  to  bottom,  the 
sonic  scattering  layers  and  the  migrating  rridwater  community  appear  to  be  about  250  m  thick. 
Each  component,  the  euphausiid  shrimp,  the  sergestid  shrimp,  and  the  lantemfish,  appears  to 
extend  over  a  vertical  distance  of  roughly  90  m;  thus  there  is  overlap  in  the  distributions  of 
these  organisms  as  demonstrated  bv  the  instrumented  trawl  studies  and  verified  by  direct  visual 
investigations  using  submcrsibles. 

The  final  set  of  investigations  on  the  midwater  migrating  communities  were  conducted  from 
subnrersibles  taking  advantage  of  the  ability  to  make  direct  visual  observations  of  organisms  in 
their  environment.  The  submersible*  used  were  PISCES,  DEEPSTAR  4000,  ALVIN,  and 
DEEPSTAR  2000.  The  areas  of  investigation  were  Saanich  Inlet  on  the  eastern  side  of  Vancouver 
Island,  Canada,  the  DeSoto  Submarine  Canyon  in  the  Gulf  of  Mexico,  the  Slope  Water  off 
New  England,  and  Santa  Cruz  Basin  and  the  San  Diego  Trough  off  southern  California. 

The  fust  dives  were  made  in  January  1967  in  Saanich  Inlet  using  the  submersible  PISCES, 
Saanich  Inlet  is  s  deep  fjordiike  embayment  on  the  eastern  coast  of  Vancouver  Island.  The 
maximum  depth  is  about  200  m,  but  despite  this  shallow  depth,  well-developed  soak  scattering 
layers  occur  there  (see  Bary  and  Paper's  contribution).  Observations  of  midwater  organism* 
conducted  from  the  submersible  PISCES,  in  a  series  of  four  dives,  indicated  that  the  most 
prevalent  animai  at  scattering  layer  depths  was  a  euphausiid  shrimp,  Euphausi*  pacifies.  This 
organism  often  occurred  in  association  with  am  phi  pods  and  chaetognaths.  The  spatial 
arrangement  of  these  different  types  of  organisms  was  such  that  they  tended  to  be  mutually 
exclusive.  Thus,  when  euphausiids  were  present  in  large  numbers,  the  numbers  of  amphipods 
and  chaetognaths  were  few.  The  whole  scattering  layer  had  a  coarse  grain iness  to  it,  consisting 
of  large  aggregations  of  the  three  organisms,  the  edges  of  each  aggregation  mixing  with  the  next. 
On  the  whole,  though,  euphausiids  were  the  most  prevalent  organism  in  the  midwater  migrating 
community.  It  is  encouraging  to  note  that  our  visual  estimates  of  euphausiid  densities  (up  to  20 
or  30  per  cubic  meter)  matched  very  doaeiy  those  calculated  by  Bary  and  Pieper  from  collec¬ 
tions  made  with  a  high-speed  plankton  catcher  (see  Bary’s  and  PSeper’s  contribution).  There  were 
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also  occasion^  voids  at  sonic  scattering  depths  containing  few  organisms.  Visual  observations,  in 
this  instance,  confirmed  the  patchiness  of  potential  sound-scattering  organisms  in  agreement 
with  the  information  obtained  from  the  side-looking  sonar  investigations. 

The  euphasiid-dominated  some  scattering  layer  in  Saanich  Inlet  is  quite  different  from  those 
found  in  the  open  ocean.  Sergestid  shrimp  and  the  lantemfish  are  very  sparcely  distributed 
below  the  euphausiid'  and  we  onlv  sighted  one  or  two  specimens  of  those  organisms  per  dive. 
The  other  peculiar  feature  of  he  area  was  extremely  dense  layers  of  copepods  about  30  cm 
thick  with  concentrations  up  to  one  copepod  per  cubic  centimeter. 

The  second  set  of  d*ves  v  as  conducted  in  the  DEEPSTAR  4000  in  the  Gulf  of  Mexico  during 
May  1967.  A  total  oi  rive  dives  was  made,  three  of  which  were  in  the  DeSoto  Submarine 
Canyon  (Gaul  and  Clarice,  1968).  The  s.  iic  scattering  layers  in  that  area  were  not  very  strong 
and  the  crustacean  elements  \:e  poorly  represented.  We  saw  no  euphausiid  shrimp  from  the 
submersible  and  only  a  few  sergestid  shrimp.  Lantemfish  and  hatchetfish,  however,  were  very 
abundant.  The  behaviors  of  these  two  fish  contrast  markedly.  The  lantemfish  definitely  migrate, 
whereas  the  hatchetfish  appear  to  remain  stationary  throughout  the  diurnal  period.  This  non- 
migratory  behavior  in  hatchetfish  has  been  observed  now  at  a  number  of  widely  separated 
localities.  Another  interesting  aspect  of  behavior  was  noted  at  depth  during  these  dives.  Many 
of  the  fish  and  fair  numbers  of  squid  were  found  to  be  in  an  inactive  or  lethargic  state  (see 
Barham’s  contribution).  These  organisms  could  be  approached  very  closely  by  the  submersible, 
and  it  was  not  until  the  water  was  disturbed  around  them  or  the  intense  light  field  affected  them 
that  they  would  be  alerted  and  svtum  off. 

The  submersible  observations  in  the  DeSoto  Submarine  Canyon  area  indicated  that  the 
typical  three-layered  migrating  community  found  in  most  open  ocean  areas  is  poorly  developed 
here.  In  fact,  no  f  ihausiii  shrimp  were  seen  at  all.  Sergestid  shrimp  were  rare,  but  lantemfish 
appeared  to  be  as  numerous  as  off  southern  California. 

The  third  set  of  submersible  observations  was  conducted  with  ALVIN  in  the  Slope  Water  off 
New  Eng  nd  during  October  1967.  The  dives  were  made  to  identify  the  organisms  associated 
with  a  peculiar  sound-scattering  phenomenon  known  as  Alexander’s  Acres.  These  strong  tent¬ 
shaped  sonic  targets  a;  scattering  layer  depths  were  found  to  be  dense  schools  of  the  lantemfish 
Ceratosco^dus  maderensis.  During  the  daytime,  the  fish  in  these  schools  are  very  lethargic,  but 
quickly  become  active  and  swim  away  when  illuminated  by  the  lights  on  the  submersible.  The 
distributions  of  these  schools  during  daylight  hours  is  described  by  Backus  et  al  (1968). 

Other  observations  made  during  the  dives  revealed  that  the  Slope  Water  contains  the  typical 
three-layered  migrating  community  consisting  of  euphausiid  shrimp,  sergestid  shrimp,  and 
lantemfish.  The  peculiarity  of  Jie  C  pe  Water  midwater  community  is  the  more  strongly 
schooled  nature  of  the  sergestid  shrimp  and  lantemfish.  The  schools  of  those  organisms  were 
very  dense  and  sharply  defined  while  the  space  between  schools  contained  few,  if  any,  organisms. 
Again  one  gets  the  impression  of  a  patchy  mosaic  consisting  of  isolated  schools  of  organisms. 

The  vertical  stratification  of  this  midwater  community  also  differs  in  harpness  from  top  to 
bottom,  the  euphausiid  shrimp  being  more  clearly  separated  from  the  sergestid  shrimp  than  the 
sc.6x*tid  shrimp  are  from  t«e  lantemfish. 

The  fourth  set  of  dives  w-s  made  off  southern  California  in  the  submersible  DEEPSTAR  4000 
during  March  1969  and  in  DEEPSTAR  2000  during  May  and  June  1970.  The  dives  were  made 
in  the  Santa  Cruz  Basin  and  San  Diego  Trough.  The  migrating  community  in  these  areas  was 
found  to  correspond  very  closely  in  structure  with  that  described  for  the  Santa  Barbara  Basin 
during  uie  instrumented  trawl  study.  The  only  observation  made  during  these  dives  that  bears 
specif!  mention  is  the  occurrence  of  migratory  organisms  at  daytime  depths  after  the  main  layer 
had  migrated  upward  duri  ,g  the  evening.  All  of  the  animals  observed  at  depth  at  those  times 
were  generally  lethargic,  usually  hanging  very  still  in  the  water.  These  occurrences  were  not 
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rare  cases  during  the  dives  I  made  and  they  give  one  the  impression  that  not  all  of  the  migratory 
organisms  perform  vertical  migrations  every  day.  Thus  a  given  animal  may  remain  at  depth  for 
one  or  possibly  more  diurnal  cycles.  This  finding  should  be  investigated  more  vigorously  in 
future  field  work  since  it  has  important  implications  as  to  the  behavior  of  the  sonic  scattering 
layers. 

In  summary,  1  am  convinced  it  will  take  a  combination  of  techniques  to  unravel  the  many 
questions  concerning  the  behavior  and  structure  of  the  sonic  scattering  layers.  I  hope  the 
techniques  compared  hers  will  stimulate  others  to  explore  new  methods  of  investigation. 
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DISCUSSION 

Backus:  .lie  business  about  vertical  migrators  not  making  daily  vertical  migrations  but  three- 
times-a-week  migrations  or  every -other-day  migrations  and  so  on  seems  to  me  an  important 
point.  Could  you  discuss  the  evidence  for  that  in  a  little  bit  more  detail?  I  haven't  seen  what  I 
consider  any  good  evidence  for  that  yet. 

W.  Clarke:  The  Gulf  waiers  were  probably  the  best  example  of  it.  In  dives  in  the  Gulf  of  Mexico 
and  also  the  San  Diego  Trough  you  would  find  animals  at  depth,  lantemfish  in  particular,  still 
sitting  there  when  the  rest  of  the  layer  had  gone  up,  likewise  with  euphausiids.  In  the  opening  and 
closing  cod-end  sampler  that  we  had  on  the  Isaacs-Kidd  midwater  trawl,  you  could  fish  below 
the  optimum  isolume  for  the  euphausiids  and  get  euphausiids  down  there.  Apparently  they  had 
stayed  down.  You  could  get  lantemfish  below  their  preferred  light-level  depth.  Further  evidence 
of  this  might  be  the  fact  that  on  an  echo  sounder  record  you  may  see  a  layer  made  up  of  both 
migratory  and  non-migratcry  components. 

Backus:  ( don't  consider  that  good  evidence  at  all  because  the  echoes  of  the  rising  layer  can  be 
coming  from  totally  different  u.iimals  than  the  echoes  from  the  nonrising  ones.  Nor  do  I  consider 
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observations  made  from  submersibles  very  good  because  of  the  difficulties  of  making  identifica¬ 
tions  out  of  the  submersibles.  The  net  tow  data  I  would  take  more  seriously.  I’m  talking  about 
individuals  of  the  same  age  class,  size  class,  some  of  them  moving  up  and  making  the  vertical 
migration  and  some  of  them  staying  there.  I  would  consider  neither  the  submersible  nor  the  echo- 
sounder  data  that  you  cite  very  gcod.  The  net  business  I  hear. 

W.  Clarke:  Weil,  let's  take  the  Santa  Barbara  area.  We  know  what  lantemfish  are  there,  and 
during  a  recent  series  of  dives  you  would  see  adult  specimens  of  lantemfish  at  depth  during  the 
migration  period  just  sitting  there  in  the  water,  whereas  either  on  the  way  down  or  on  the  way 
back  up,  you  would  pass  the  main  layer  and  go  through  much  higher  concentrations  of  lantem¬ 
fish.  There  were  lantemfish  left  behind  sitting  down  there.  There  were  also  sergestids  left  behind 
sitting  down  there. 

Dunlap:  With  regard  to  Triphoturus  in  the  Gulf  of  California,  we  found  that  of  the  ones  that 
migrated  up,  there  were  still  about  7  percent  of  the  day  hauls  of  the  same  species,  and  we  could 
see  no  difference  morphologically.  Now  I  don’t  know  about  age  classes  and  this  type  f  thing, 
but  Robeson  at  Hopkins  has  looked  at  it,  and  he  couldn’t  see  any  difference  between  those  and 
the  ones  that  migrated  up.  So  I  would  concur. 

W.  Clarke:  One  other  brief  observation  in  the  Gulf  of  Mexico:  We  had  squid  commonly  follow 
the  submersible  feeding  actively  on  organisms  around  us,  particularly  on  the  lantemfish  scattering 
layer.  But  then  we  dropped  down  through  the  layer,  and  there  were  deeper  populations  of  squid 
which  were  completely  dormant  in  the  water  too,  the  same  species  of  squid,  and  they  characteris¬ 
tically  take  a  “J”  position.  In  other  words,  they  put  the  tentacles  together,  fold  them  back,  and 
tuck  them  in  underneath  the  head,  and  they  just  hang  there  motionlessly  in  the  water.  You  really 
had  to  bounce  them  around  or  disturb  them  with  the  light  before  they  would  wake  up  and  swim 
off.  Here  again  was  an  example  of  an  animal  that  was  just  sort  of  sitting  there  during  the  daytime. 

Barham:  I  think  that  this  is  a  working  premise.  Obviously,  the  way  to  prove  the  point  is  to  go  out 
there  and  tag  those  things.  But  we  haven’t  gotten  around  to  that  yet,  or  will  we  in  the  near  future. 
It’s  not  particularly  a  new  idea.  If  you  go  back  to  the  works  of  Marshall,  you’ll  find  that  he  made 
a  comment  on  this  particular  point  many  years  ago.  1  think  that  at  least  it’s  an  idea  that  we  can 
begin  to  coordinate  observations  around. 

Holm-Hansen:  Two  comments  which  impinge  upon  Backus’  question.  In  some  of  our  studies 
with  migrations  of  dinoflagellates  in  a  ten-meter  deep  tank  at  Scripps,  I’ve  been  perplexed  by  the 
fact  that  you  get  about  90  percent  of  them  migrating  in  a  sharp  band  close  to  the  surface  in  the 
daytime  and  close  to  the  bottom  at  night;  however,  you  always  get  about  5  or  10  percent  left 
evenly  distributed  in  the  water  column.  Now  this  I  interpret  as  reflecting  perhaps  different  meta¬ 
bolic  states  depending  on  the  particular  stage  of  the  life  cycle  of  each  <ndiv5dual  dinoflagellate 
cell.  In  regard  to  copepods,  I  asked  Gus  Paffenhofer  in  our  lab  just  a  few  months  ago  about  how 
long  these  things  could  go  without  any  food  and  he  said  about  a  month  or  two.  He  gave  me  some 
individuals  ( Calanus  sp.)  which  we  put  in  a  nutrient-free  medium.  They  remained  perfectly  viable 
and  happy  for  about  two  weeks,  and  then  one  weekend  they  were  flushed  down  the  drain  by  mis¬ 
take.  At  least  these  copepods  can  go  a  long  time  without  food. 

W.  Clarke:  For  Richard  Backus'  sake,  I  did  *ay  I  was  speculating  at  the  beginning  of  this  little 
talk  here. 

Craddock:  You  don’t  really  need  to  speculate,  I  don’t  think,  even  with  respect  to  fishes.  I’m 
sure  that  Basil  Nefpaktitis  would  be  up  oq  his  feet,  but  he  just  left,  so  I’ll  cite  some  of  his  data. 

In  Diaphus  many  species  start  out  when  they  are  little  and  don’t  migrate;  when  they’re  intermedi¬ 
ate  in  size,  they  apparently  migrate;  and  then  when  they  become  gravid,  they  simply  don't 
migrate.  I  think  we're  dealing  with  a  broad  spectrum  here. 


W.  Clarke:  I  concur. 
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ABSTRACT 

This  paper  reports  progress  in  a  study  to  develop  an  acoustic  method  to  count,  measure  the 
horizontal  dimensions,  estimate  the  biomass,  estimate  the  size  composition,  and  identify  the 
species  of  fish  schools  in  the  upper  mixed  layer  from  a  moving  ship.  Several  thousand  fhti 
schools  were  counted  and  measured  in  the  California  Current  region  in  1969  using  a  sonar  at  a 
frequency  of  30  kHz,  with  a  10°  conic  beam  (at  *3  dB),  at  ranges  from  200  to  450  m  during  day¬ 
light  hours.  Counts  and  measurements  were  made  at  ship's  speed  of  8  to  13  knots.  In  the 
200,000-square-mile  studv  area  there  exists  a  great  variety  of  sonar  propagation  conditions  due 
to  upwelHng,  stratification,  internal  waves,  and  vohune  reverberation. 

The  counts  of  fish  schools,  after  correction  for  known  biases  and  area,  indicate  the  presence 
of  about  1  million  schooled  sonar  targets  in  the  200,000-tquare-mite  area  adjacent  to  the  ooast- 
Une  between  San  Francisco  and  Cape  San  Lazaro,  Baja  California,  Mexico.  Most  fish  schools 
are  between  10  and  30  m  diameter,  normal  to  the  ship.  Less  than  3%  of  the  schools  exceed 
60  m  diameter.  Most  schools  occur  in  groups  of  schools  near  the  axis  of  the  California  Cur¬ 
rent,  in  the  gyral  waters  of  the  Los  Angeles  Bight,  Sebastian  Vizcaino  Say,  and  tbs  Abreojos 
Bight,  and  nearshore  along  the  entire  coast.  Occasionally  groups  of  schools  warn  located  over 
160  miles  from  the  coast.  Analyses  of  the  concentrations  of  schools  during  the  spawning  period 
indicates  that  their  location  coincides  with  known  spawning  grounds. 

INTRODUCTION 

Echo  sounding  and  sonar  apparatus  has  played  a  significant  role  in  exploratory  foiling  and 
tactics  for  setting  fishing  gear  (Sund,  1935;  Tester,  1943;  Balls,  1948;  Gerhardson,  1946;  Smith, 
1947;  Smith  and  Ahlstrom,  1948;  Devoid,  1950).  Echo  sounding  is  now  established  as  a  uaeftil 
technique  for  making  direct  estimates  of  the  abundance  of  solitary  fish  in  midwater  (Cushing, 

1 968a  and  b).  Aggregating  schools  and  pods  of  fish  (Breder,  1959)  have  proved  more  difficult  to  sur¬ 
vey  (ACMRR-FAO,  1 967).  A  sea  survey  methodology  has  been  described  and  tested  by  Traskanov 
and  Scherbino  (1964).1 

The  study  of  which  this  report  is  a  part  was  begun  in  1966  with  the  following  sequence  of 
objectives:  (1)  ♦o  count  the  number  of  fish  aggregations  and  schools  in  the  survey  area,  (2)  to 
measure  the  size  of  aggregations  and  schools,  (3)  to  estimate  the  biomass  of  aggregated  and 
schooled  fish,  (4)  to  estimate  the  size  composition  of  individuals  within  the  aggregations  and 
schools,  and  (5)  to  identify  northern  anchovy  schools.  Since  the  survey  was  intended  to  encom¬ 
pass  1 00,000  to  200,000  square  miles  in  less  than  2  months  with  a  single  ship,  it  was  considered 

1  Included  u  Appendix  II  because  the  paper  »  widely  cited  but  not  reedily  waitable. 

563 


564 


SMITH 


imperative  that  the  data  be  collected  with  the  ship  under  way  at  full  speed  and  that  the  amount 
of  direct  sampling  be  kept  to  a  minimum. 

Preliminary  work  with  acoustic  apparatus  (Simrad  580-10  scientific  sonar  and  sounder 
system1)  revealed  several  unevaluated  barriers  to  quantitative  research.  Of  prime  importance  was 
the  fact  that  anchovy  schools  are  known  to  occur  from  the  surface,  too  shallow  for  sounders  to 
detect  them,  to  200  m  deep  (E.  Barham,  Naval  Underwater  Warfare  Center,  San  Diego,  California, 
personal  communication;  visual  observation),  too  deep  for  horizontally  directed  sonar  to  detect 
them.  We  had  previously  noted  that  the  effective  range  and  number  of  targets  per  unit  area  varied 
with  time  of  day  and  mixed  layer  depth.  Also,  the  schooled  targets  were  often  found  to  occur  in 
groups  where  counts  from  a  sweeping  sonar  beam  were  not  reproducible  on  repeated  crossings  of 
the  target  area. 

This  report  will  describe  an  experiment  designed  to  determine  the  feasibility  of  the  use  of 
sonar  to  count  and  measure  the  sizes  of  fish  schools  and  then  the  application  of  the  techniques  to 
determine  the  numbers  and  sizes  of  anchovy  schools  in  the  California  Cooperative  Oceanic  Fish¬ 
eries  Investigation  (CalCOFI)  survey  area.  The  survey  ship  and  acoustic  system  were  described 
by  McClendon  (1968). 

Design  of  the  Acoustic  Experiment 

The  first  phase  of  the  design  survey  was  to  determine  the  optimum  settings  for  source  level, 
receiver  gain,  pulse  length,  transducer  bearing,  transducer  directivity,  and  range  for  two  sonars 
at  frequencies  of  1 1  kHz  and  30  kHz,  ultimately  to  find  the  combination  of  instrument  settings 
best  able  to  provide  repeatable  counts  of  the  number  of  schooled  targets  per  unit  area.  This 
survey  was  made  up  of  three  2-week  cruises  in  the  fall  of  1968  with  two  weeks  or  more  between 
cruises  to  allow  data  processing  and  further  planning  in  response  to  the  results.  The  work  was 
planned  for  an  area  known  for  high  temperature  gradient  (often  3°  per  10  m)  and  internal  wave 
activity.  The  site  was  near  Catalina  Island  off  southern  California  where  anchovy  schools  are 
found  in  considerable  numbers  in  autumn. 

Data  were  taken  from  42  surveys  of  a  rectangular  grid,  2X4  nautical  miles.  Each  sonar 
transducer  was  fixed  at  90°  relative  bearing.  Puke  lengths  for  each  sonar  were  set  at  30  msec 
at  full  power  (ca.  123  dB  above  1  jrbarat  1  m).  The  range  scale  for  the  11  -kHz  sonar  was  2500m 
and  for  the  30-kHz  sonar  was  1250  m.  The  bottom  varied  from  500  to  2500  m  on  the  grid.  Thi 
16°  isotherm  varied  from  29  m  to  10  m  with  an  18  to  19°  surface  temperature. 

The  actual  counts  of  targets  are  found  in  Appendix  I  (Tables  I,  II,  III,  IV),  and  Figures  1  and  2 
illustrate  the  counts  of  targets  per  fifth  of  the  range.  For  the  purposes  of  this  experiment  it  was 
assumed  that  the  numbers  of  targets  in  each  range  increment  were  actually  equal  over  time  and 
that  differences  could  be  ascribed  to  changes  in  sonar  effectiveness  with  range  We  found  that 
the  1 1-kHz  sonar-Figure  3-(22°  beam  angle  between  “3-dB  down*’  points)  exhibited  a  con¬ 
tinual  and  drastic  drop  in  the  number  of  targets  with  range  in  these  propagation  conditions. 

For  the  ensuing  California  Current  surveys  of  1969  it  was  decided  to  use  this  sonar  set  on  long 
pulse  (30  msec),  long  range  (2500  m),  and  full  power  as  an  easily  analyzed  index  of  fish  school 
occurrences.  We  had  no  intention  of  deriving  extrapolated  estimates  of  the  number  of  fish 
schools  from  the  1 1-kHz  sonar  in  the  survey  area  since  the  effective  range  fluctuated  in  an  erratic 
manner,  presumably  with  changes  in  propagation  conditions. 


'Use  of  a  trade  name  does  not  imply  endorsement  by  the  Bureau  of  Commercial  Fisheries. 
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Figure  3.  Horizontal  beam-directivity  diagram  of  the  11-kHz  sonar  trans¬ 
ducer.  (Courtesy  of  Simrad,  Oslo.) 


Figure  4.  Horizontal  beam-directivity  diagram  of  the  30-kHz  sonar  trans¬ 
ducer.  (Courtesy  of  Simrad,  Oslo.) 

Three  important  features  were  observed  for  the  30-kHz  sonar  (10°  beam  angle  at  3-dB  down 
points-Figure  4)  range-target  number  histogram  (Figure  2):  ( 1 )  the  decline  in  numbers  of 
targets  at  ranges  greater  than  750  m,  (2)  the  decline  in  number  of  targets  near  the  ship,  and 
(3)  the  near-equality  in  the  numbers  of  targets  from  250  to  500  m  and  from  500  to  750  m.  We 
interpreted  the  decline  after  750  m  to  simple  range-dependent  loss  in  these  sonar  conditions.  The 
lower  number  of  targets  near  the  ship  was  interpreted  as  arising  from  fish  schools  near  the  ship 
which  were  not  detected  due  to  receiver  characteristics  during  and  immediately  after  the  trans¬ 
mission  of  the  pulse  and  due  in  part  to  fish  schools  under  the  10°  beam  angle  in  the  near-ship 
portion  of  the  range.  For  these  reasons,  we  chose  to  record  between  the  ranges  of  200  to  450  m. 

Figures  5  and  6  illustrate  changes  in  the  number  of  targets  received  with  time  of  day.  Since 
we  anticipated  a  limit  to  the  duration  of  manning  the  sonar  on  each  cruise,  we  arbitrarily  limited 
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the  times  of  taking  sonar  observations  to  0800  to  1600.  This  schedule  was  adopted  because  I  did 
not  think  that  we  could  correct  target  counts  for  differences  due  to  time  of  day  since  it  appeared 
to  be  complicated  by  cloud  cover  and  moonlight,  and  probably  day  length,  water  clarity,  and 
regional  and  species  differences  were  also  important. 

Figures  7  and  8  illustrate  the  vertical  and  horizontal  aspects  of  the  configuration  of  the 
insonified  area  from  which  most  targets  were  anticipated.  Early  trials  of  this  system  indicated 
that  at  right  angles  (normal  to  ship’s  track)  fish  school  dimensions  could  be  estimated  to  2.5  m. 
During  the  Catalina  trials,  a  series  of  targets  was  measured  ?nd  the  fish  school  dimensions  parallel 
to  the  ship  were  estimated  from  the  length  of  the  targets  on  the  recordings,  the  speed  of  the 
recording  paper  and  ship  speed  and  the  assumed  effective  10°  beam  angle  (Figure  9).  The 
apparent  width  of  the  fish  school  was  calculated  from  the  formula 

Vcs4  0) 

where 


Wf  ■  the  apparent  width  of  the  recorded  fish  school  in  meters 
c  »  chart  speed  in  seconds  per  millimeter 
s  ■  ship’s  speed  in  meters  per  second 
/  ■  measured  width  of  target  on  chart  in  millimeters. 

The  effect  of  the  beam  angle  was  corrected  for  by  subtracting  the  width  of  the  scmar  beam  at  the 
mid  range  of  the  school: 


h'-M'f-2tan 

where 

W  *  the  beam  corrected  estimate  of  fish  school  width 
A  "the  half  angle  of  the  effective  beam 
rmgx  •  range  to  the  far  side  of  the  school  in  meters 
'mfa  ■  range  to  the  near  side  of  the  school  in  meters. 


wtiw  mow  sows  new  tatrtas; 


Ftpue  7.  A  'teptb'WdUtKK*  plot  (1;1)  of  th*  xom  to  be  tnaqalOed  adiKorM 
in  the  1969  CatCOH  crabu.  The  6s4H  portion  is  asauaed  to  eac km  the  am 
from  which  schooled  targe  fa  m  most  Ukeiy  to  be  noshed,  the  ided  Hass 
iikistrats  the  mgs  of  depth  of  the  16*  bo  them  in  22  prtilfcs  trim  howty  hi 
October  1961:  auface  teapentue  was  ca.  19*.  Seme  d**  weed* 
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INSTANCE  FROM  SONAR  HEAD  (METERS) 


Figure  8.  PUn  view  of  the  triangular  bonified  area  for  sonar  mapping. 
Hie  transducer  is  always  pointed  laterally  rather  than  swept  from  ride  to 
side  as  in  searching  patterns.  Effective  beam  angles  from  6  to  14°  are 
illustrated  with  a  1:1  scale.  The  shaded  area  represents  the  area  from 
which  target  return*  are  recorded. 


METERS 


*f**MWT  *«jt*  or  rt*w  ecMooc 

Ftfatt  9.  Geotoe  try  of  Mm  eatastattaa  of  dw  wm  of  aSHptkal 
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The  school  axis  normal  to  the  ship’s  track  was  calculated  by  the  formula 


where 


=  rmax  *  rmin ' p’ 


(3) 


and 


dj  =  the  axis  normal  to  the  ship  in  meters 
p  *  pulse  length  in  meters  (1  msec  a  1.5  m). 


For  the  Catalina  trials  the  frequency  distribution  of  the  measured  axis  normal  to  the  ship  (dj) 
did  not  differ  significantly  from  the  frequency  distribution  of  the  measured  axis  parallel  to  the 
ship  for  37  targets  (x2  4d.f.  *  8.f4:  not  significant  at  the  95%  level). 


Areal  Survey  Results  (CtlCOFl  Region) 

Following  the  survey  design  above,  30- kHz  sonar  data  were  collected  on  ichthyoplankton  and 
oceanography  cruises  in  the  CalCOFI  area  in  January,  February,  April,  May,  June,  and  July  1969. 
Similar  recordings,  as  yet  unanalyzed,  exist  for  the  same  area  for  October  and  December.  On 
most  surveys  the  200,000-square-mile  survey  area  was  covered  by  two  ships,  only  one  of  which, 
the  David  Stan  Jordan,  was  equipped  with  sonar.  During  the  May-June  cruise  the  entire  survey 
area  was  covered  only  by  the  sonar-equipped  David  Starr  Jordan.  The  first  estimate  of  the  number 
of  schooled  sonar  targets  in  the  CalCOFI  grid  area  is  derived  from  this  cruise.  The  horizontal 
size  distribution  is  derived  from  the  2333  targets  measured  to  date. 

Horizontal  Dimensions  of  Fish  Schools 

Fish  schools  were  routinely  measured  in  two  dimensions:  the  axis  of  the  target  normal  to  the 
ship  and  the  axis  of  the  target  parallel  to  the  ship  (Figure  9). 

In  Figure  10  the  size  frequency  distribution  of  2333  targets  is  illustrated.  The  open  ban 
represent  the  actual  number  of  fish  schools  which  were  entirely  within  the  250nn  recorded  strip. 
Since  this  biases  the  size  frequency  distribution  toward  the  smaller  targets,  each  count  was  cor¬ 
rected  by  the  proportion  of  the  width  of  the  recorded  strip  which  the  target  occupied.  Thus, 
a  50-m-diameUr  target  could  be  recorded  in  its  entirety  on  only  200  ra  of  the  record  strip  and 
would  have  been  undennmpted  relative  to  ifta'dfcineter  targets  which  could  be  recorded  on 
240  m  of  the  strip.  The  shaded  ben  represent  the  aim  frequency  of  values  which  have  been 
corrected  for  this  “edge”  effect  in  the  fotiowii$  ways: 


(4) 


jV.  *  the  number  of  schools  hi  nm  intern!  I 

-  the  diameter  normal  to  ship's  track  representative  of  s be  interval  / 

Ay*  the  number  of  schools  to  she* Interval  /corrected  for  edge  bias. 

To  compere  the  rim  frequency  distribution  of  the  axes  of  the  schooled  targets  at  right  angles  to 
the  ship  (Dp  to  the  sim  frequency  of  the  axes  of  the  schooled  targets  peraOri  to  the  ridp(Dp, 
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the  frequencies  of  Ay  were  corrected  to  the  original  number  of  schools  whose  />•  axes  were 
less  than  85  m.  Schools  are  too  few  in  our  samples,  as  yet,  for  this  kind  of  comparison.  This 
correction  is 


Ni 


(5) 


where 

Ay  and  Ay  are  as  above,  and  Ay"  is  corrected  proportionately  so  that  the 
sum  of  Ay  and  the  sum  of  Ay 'are  approximately  equal. 

All  numbers  in  Table  1  are  rounded  for  simplicity  after  calculation  of  subsequent  terms. 

TABLE  1 

Numbers  and  Areas  of  Sonar  Targets  Corrected  for  Edge  Bias 


Dimension 

(m) 

N 

N' 

A 

N'A 

N" 

0- 

4 

21 

21 

3 

67 

19 

5- 

9 

224 

230 

38 

8869 

207 

10- 

14 

467 

491 

113 

55479 

442 

15- 

19 

438 

470 

227 

106671 

423 

20- 

24 

345 

378 

380 

143800 

340 

25- 

29 

190 

213 

573 

121957 

192 

30- 

34 

155 

178 

804 

142957 

160 

35- 

39 

131 

154 

1075 

165320 

139 

40- 

44 

60 

72 

1385 

99912 

65 

45- 

49 

75 

92 

1735 

160247 

83 

50- 

54 

45 

57 

2124 

120666 

51 

55- 

59 

33 

43 

2552 

109078 

39 

60- 

64 

19 

25 

3019 

76280 

23 

65- 

69 

22 

30 

3526 

105962 

27 

70- 

74 

14 

20 

4072 

80058 

18 

75- 

79 

15 

22 

4657 

100938 

20 

80- 

84 

16 

24 

5281 

125738 

22 

0- 

84 

2270 

2520 

2270 

>84 

63 

Figure  1 1  compare*  the  distribution  of  sonar  target  dimension  at  right  angles  to  the  ship  to 
the  distribution  of  target  dimensions  parallel  to  the  ship  using  the  assumption  that  the  effective 
beam  angle  is  10°.  Since  the  proportions  of  both  smaller  targets  and  larger  targets  are  over¬ 
estimated,  no  single  alternative  beam  angle  will  correct  for  tide  tendency.  The  assumption  of  a 
larger  effective  beam  angle  will  correct  the  overestimate  of  the  number  of  large  schools  (formula 
2)  but  will  emphasize  the  overestimate  of  the  cumber  of  small  schools  relative  to  the  right-angle 
axis.  Similarly  the  assumption  of  an  effective  beam  angle  smaller  than  10°  will  "correct”  the 


ECHO  LEVEL  (dk) 

Fifun  12.  Compulion  of  relative  echo  level  end  effective  beam  angle  for  the  directivity 
pattern  in  the  horizontal  plane  of  the  11-  and  30-kHz  sonar  used  in  this  study  (tec  Cushing,  p. 
4,  1968b).  Absolute  target  itrength  measurements  have  not  yet  been  performed  on  these 
targets,  but  40  dB  is  the  lower  thredtold  of  the  targets  recorded  and  60  dB  is  regarded  as 
typical  of  large  anchovy  schools  at  midday. 


It  would  be  dangerous  to  imply  that  the  small  number  of  larger  schools  is  unimportant.  In 
Figure  10, 63  targets  are  judged  to  be  too  infrequent  to  correct  precisely  for  edge  bias.  If  the 
tonnage  of  fish  is  proportional  to  horizontal  area  (thickness  is  not  evaluated),  the  biomass  of 
these  fish  may  be  quite  important  collectively.  Figure  1 3  illustrates  the  cumulative  horizontal 
area  of  all  the  targets  measured  to  date  (Tables  1  and  2).  In  Table  \,N,  N\  and  JV"are  calcu¬ 
lated  as  in  formulas  4  and  5.  The  area  typical  of  the  size  class  is  calculated  from 
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Figure  13.  The  relative  importance  of  fish  schools  at  differenct  diameters  cor¬ 
rected  for  edge  bias.  Each  bar  from  0  to  84  mis  the  sum  of  the  number  of  schools 
found  at  each  5-m  dee  cm s  times  an  area  representative  of  tite  size  elms  (see  Table 
1  and  formula  6).  Schools  greater  than  84  m  are  adjusted  here  for  comparison  but 
are  regarded  as  too  infrequently  encountered  for  precise  correction  (see  Table  2). 

where 

A  * the  horizontal  area  of  the  schooled  target 
dj  *  the  midrange  dimension  of  size  class  i  in  meters. 

In  Table  2  one  can  see  that  a  single  school  recorded  1 97  m  could  be  equal  in  area  to  the  total 
of  345  22-m  dimension  schools.  Targets  indicated  in  Table  2  are  considered  to  comprise  an 
inadequate  sample  of  large  schools  but  are  reported  here  to  indicate  important  quantities  of  fish 
in  large  schools. 

The  Abundance  of  Fish  Schools 

We  feel  that  a  first  estimate  of  the  number  of  schooled  sonar  targets  in  such  a  large  area  is 
useful  even  though  there  are  not  good  accompanying  estimates  of  precision  and  accuracy.  For 
this  purpose,  we  have  chosen  the  May -June  1969  survey  when  both  halves  of  the  200,000<equaie- 
mile  CalCOFI  survey  area  were  occupied  in  adjacent  months  (May  5-June  29).  The  usual  CalCOFI 
lines  (see  Ahlstrom  (1966)  for  details  of  pattern)  are  spaced  at  40-mik  intervals,  run  approximately 
normal  to  the  coast,  and  are  occupied  alternately  in  shoreward  sard  seaward  directions.  Biological, 
chemical,  and  physical  oceanographic  observations  were  taken  at  20-  to  40-mite  intervals  along 
these  lines  on  arrival  at  stations  without  regard  to  time  of  day  or  oceanographic  features.  The 
sonar  was  operated  only  S  hoy*  per  day  and  the  recorded  tuck  width  was  only  250  m  of  the 
74,080  m  between  track  lines.  The  simplest  estimate  would  be 


A'“ 


(7) 
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TABLE  2 

Numbers  and  Areas  of  Large  Rare  Sonar  Targets  Adjusted  for  Edge  Bias 


Dimension 

(m) 

N 

N' 

A 

NA 

85* 

89 

5 

8 

5945 

45588 

90- 

94 

4 

6 

6648 

42073 

95- 

99 

9 

15 

7390 

108674 

100- 

104 

10 

17 

8171 

138028 

105- 

109 

3 

5 

8992 

4716! 

110- 

114 

4 

7 

9852 

71391 

115- 

119 

4 

8 

10751 

80837 

120- 

124 

3 

6 

11690 

68495 

125- 

129 

3 

6 

12668 

77242 

130- 

134 

2 

4 

13685 

57986 

135- 

139 

3 

7 

14741 

978^ 

140- 

144 

0 

0 

15837 

0 

145- 

149 

4 

10 

16972 

164773 

150- 

154 

0 

0 

18146 

0 

15  5- 

159 

1 

3 

19359 

52041 

160- 

164 

1 

3 

20612 

58557 

165- 

169 

1 

3 

21904 

65976 

170- 

174 

0 

0 

23235 

0 

175- 

179 

0 

0 

24606 

0 

180- 

184 

1 

4 

26016 

95645 

185- 

189 

0 

0 

27465 

0 

190- 

194 

0 

0 

28953 

0 

195- 

199 

1 

5 

30480 

143776 

200- 

204 

2 

10 

32047 

333827 

205- 

209 

0 

0 

33653 

0 

210-  214 

>214 

1 

7 

35299 

232230 

where 

T  -24 hours 

^•the  daily  sampling  period  (8  hours) 

A  B  200,000  square  miles 

Asm  the  area  directly  sampled  (1/296  x  200,000 or  ca.  696  sq  mi) 

N  « the  number  of  fish  schools  in  the  survey  area 

Njm  number  of  fish  schools  converted  for  sire-specific  edge  bias. 


i 

| 
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TABLE  3 

Sonar  Target  Size  Frequency  Distribution  Corrected  for  Edge  Bias 

May  1969 


Diameter 

N 

N' 

P 

N" 

0- 

4 

0 

0 

.000 

0 

5- 

9 

10 

10 

.019 

9 

10- 

14 

49 

51 

.097 

45 

15-  19 

82 

88 

.168 

77 

20-  24 

90 

99 

.189 

87 

25-  29 

56 

63 

.120 

55 

30-  34 

43 

49 

.093 

43 

35-  39 

37 

43 

.082 

38 

40-  44 

25 

3o 

.057 

26 

45-  49 

16 

20 

.038 

18 

50-  54 

18 

23 

.044 

20 

55-  59 

12 

16 

.030 

14 

60-  64 

5 

7 

.013 

6 

65-  69 

4 

5 

.010 

4 

70-  74 

6 

8 

.015 

7 

75-  79 

3 

4 

.008 

4 

80-  84 

6 

9 

.017 

8 

o- 

84 

462 

525 

1.000 

462 

_ >« 

_ * _ i 

Tablet  3  and  4  show  the  corrected  size  frequency  distribution  and  proportions  of  targets  m 
each  interval.  When  all  sizes  are  corrected  for  edge  bias,  the  estimate  within  the  area  directly 
sampled  is  1253  schools.  When  thj  estimate  is  applied  to  the  whole  area  the  number  of  schools 
is  (from  formula  7): 


N»  3 {296  (1253)]  -  1,112,664  schools. 

To  get  some  idea  of  what  proportion  of  these  targets  may  be  adult  anchovy  schools,  1 
selected  data  (Ahlstrom,  1968)  on  the  current  estimate  of  anchovy  spawning  biomass  (ca. 

5  X  104  metric  tons)  and  the  mean  sine  of  anchovy  schools  as  estimated  from  catch  per  purse 
seine  set  (data  from  Clarke  Blunt,  Marine  Division,  California  Department  of  Fish  and  Gama, 
Terminal  Island,  California); 


Years 

Sets 

Metric  tons 

Mean  tons/set 

fise. 

1965*1967 

2,985 

50,230 

17 

0-II3T 

578 
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TABLE  4 

Sonar  Target  Size  Frequency  Distribution  Corrected  for  Edge  Bias 

June  1969 


Diameter 

-  -N  - 

N' 

P 

N" 

0-  4 

5 

5 

0.008 

4 

5-  9 

30 

31 

0.048 

28 

10-  14 

109 

114 

0.175 

101 

15-  19 

98 

105 

0.162 

93 

20-  24 

73 

80 

0.123 

71 

25-  29 

63 

71 

0.109 

63 

30-  34 

52 

60 

0.092 

53 

35-  39 

48 

56 

0.086 

50 

40-  44 

23 

28 

0.043 

25 

45-  49 

25 

31 

0.048 

28 

50-  54 

18 

23 

0.035 

20 

55-  59 

11 

14 

0.022 

12 

60-  64 

9 

12 

0.018 

11 

65-  69 

5 

7 

0.011 

6 

70-  74 

3 

4 

0.006 

4 

75-  79 

2 

3 

0.005 

3 

80-  84 

4 

6 

0.009 

5 

0-  84 
>84 

578 

15 

650 

1.000 

578 

To  use  the  tons  per  set  as  an  index  of  average  school  size,  one  must  be  cautious  about  several 
biases.  One  is  that  a  distribution  with  an  arithmetic  mean  of  17  and  a  range  from  0  to  1 13  is 
shewed;  thus,  it  would  be  expected  that  the  median  and  modal  school  size  would  be  smaller  than 
the  mean.  Also,  the  smaller  schools  may  be  undersampled  by  the  fishery  since  mastmen  and  air 
spotters  tend  to  ignore  such  schools.  The  figure  for  to~s  per  set  may  also  underestimate  school 
size  since  an  unknown  number  of  fish  escape  from  each  haul.  Also,  large  schools  are  often  split 
because  they  exceed  the  capacity  of  the  purse  seine  or  the  remaining  capacity  of  the  hold  of  the 
vessel.  I  would  judge  that  the  tons  per  set  figure  is  as  good  as  any  alternative  now  available. 

If  one  uses  the  northern  anchovy  spawning  biomass  of  5  X  10*  metric  tom  and  the  mean 
school  size  of  17  metric  tons,  300,000  of  the  1,11 3.000  schools  can  be  attributed  to  adult  anchovy 
alone  (27%).  Other  common  schooled  fish  in  the  CalCOFl  area  include  anchovy  juveniles,  jack 
mackerel  juveniles,  bonito,  Pacific  mackerel,  and  Pacific  sardine 

Work  is  currently  proceeding  on  target  strength  estimates  of  entrapped  and  wild  fish  schools. 
Suitable  estimates  of  fish  school  target  strength  should  allow  estimates  of  the  horizontal  dimen¬ 
sion  of  the  school  pantile!  to  the  ship’s  track.  Aim.  correlation  of  target  strength  and  school  area 
with  the  biomast  of  fish  schools  as  determined  by  commercial  puree  seines  should  alow  refine¬ 
ment  of  survey  biomass  estimates.  W«  art  also  looking  at  the  frequency -dependent  ekmeat  of  target 
strength  to  assist  in  judging  the  approximate  size  of  indMdusk  which  make  up  die  school. 
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The  results  of  this  survey  lead  me  to  believe  that  with  suitable  restraints  on  time  of  day  and 
range,  sonar  equipment  can  yield  useful  estimates  on  the  location,  number,  and  size  of  fish 
schools  in  the  upper  mixed  layer. 
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DISCUSSION 

McElroy:  I  was  curious  about  the  correction  factor  which  you  call  the  edge  effect.  Could  you 
just  specify  a  bit  more  what  this  is? 

Smith:  If  you  have  a  width  such  as  200  to  450  m  and  if ,  in  your  analysis,  you  exclude  any  target 
which  apparently  ends  at  the  edge  of  that,  then  that  school  has  been  eliminated  from  comparison 
even  though  it  has  protruded  into  your  sample  width.  As  a  result  any  target  that  is  50  m  thick 
has  a  great  chance  of  falling  over  an  edge,  so  it  would  be  undersampled  then  as  a  result  Merely 
by  saying  that  the  250  m  is  only  available  to  the  extent  of  200  m,  you  are  restricting  targets, 
and  by  that  proportion  the  number  of  50-m  targets  will  be  increased. 

Collard:  Would  you  recapitulate  the  number  of  fish  per  cubic  meter? 

Smith:  We  have  a  trap  that  is  3-$4  m  by  7  m  and  about  9  m  deep,  so  it  is  fairly  large.  There  are 
four  alternative  methods  of  judging  how  the  fish  were  arrayed  in  this  trap.  I  reject  the  random 
distribution  model  where  Jure  would  be  1 12  anchovies  per  cubic  meter.  Now  if  you  take  the 
second  model,  a  prolate  spheroid  mass  (which  I  like  because  the  fellow  who  dumped  the  fish  in 
there  said  that  that  is  the  way  they  looked  to  him),  tv're  are  1312  fish  per  cubic  meter.  I  per* 
sonally  like  this  concentration.  If  you  like  the  model  in  which  a  sphere  is  inscribed  in  the  trap, 
that  is  1 1 13.  If  you  like  the  reduced  sphere  model,  the  number  of  fish  is  3721  per  cubic  meter, 
and  that  is  at  the  time  when  we  only  put  in  25,000  per  trap.  If  you  put  in  1 50,000  fish  per  trap, 
the  equivalent  values  on  those  were  637, 7500, 6300,  and  21,000  per  cubic  meter.  This  may 
include  some  fish  in  side  aspect,  and  they  have  a  large  bladder.  I  think  you  can  see  why  we  have 
such  a  nice  sharp  target. 

Friedl:  We’ve  seen  these  echo  groups  in  some  of  the  echograms  taken  in  the  California  Current 
system,  especially  at  sunset  and  sunrise.  I  know  that  you  are  working  in  shallow  water  near  the 
surface,  but  could  you  inform  us  about  the  behavior  of  anchovies?  Would  this  be  a  likely  suspect, 
and  could  we  expect  these  very  high  numbers  that  you  speak  of  in  these  echo  groups? 

Smith :  I  don’t  think  that  anchovy  should  be  excluded  from  any  part  of  the  upper  200  ra  or  so 
of  the  California  Current.  No  one  has  ever,  to  my  satisfaction,  demonstrated  Die  existence  of 
deep  anchovy  with  trawls  because  the  trawls  are  fished  open  to  the  surface.  Any  time  that  you 
drag  a  net  in  the  presence  of  5  million  metric  tons  of  fish,  you  are  going  to  get  some  of  those 
fish.  So  I  do  not  believe  any  of  the  trawl  identifications  that  have  ever  been  put  cut  I  would  say 
that  they  should  be  anywhere  they  would  like  to  be. 

Barkan:  We  have  seen  large  concentrations  of  anchovies  at  about  200  m. 

Smith :  That  is  good.  That  is  the  best  information  we  have  on  anchovies. 

Aron:  A  group  of  five  or  six  brothers  flies  airplanes  out  of  Ssnta  Barbara  spotting  schools  of 
anchovies  and  sardines.  I  wonder  if  you  have  been  able  to  compare,  my,  a  ground  truth  by  talking 
to  them,  determining  what  they  estimate  the  sin  of  typical  schools  to  be  versus  what  you  cm 
estimating  on  the  bask  of  your  Sfcnrad. 

Smith :  W#  hired  an  ah  spotter  from  Santa  Barbara  three  wtafcs  ago.  Dus  to  an  unfortunate 
circumstance  we  had  a  thin  scattering  layer  at  about  20  ra.  The  fish  warn  aU  deployed  on  iNtt. 
The  fishermen  warn  catching  fish  on  that,  and  the  airplane  spotter  could  not  find  the  fish. 

We  hunted  for  four  different  hours  on  three  different  days,  mA  he  was  uneble  to  find  ffch  at 
the  surface,  which  was  when  the  airplane  could  find  them.  Thh  la  cm  of  the  reasons  that  I  know 
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that  we  are  likely  to  sec  more  fish  than  the  air  spotter.  The  air  spotter  is  important  in  other 
regards.  That  is,  he  sees  fish  that  the  fishermen  can  catch.  We  would  more  than  likely  see  all  the 
fish  with  a  sounder  and  sonar. 

McCartney:  The  corrections  for  beamwidth  and  size  of  the  target  have  been  done  for  echo 
sounding  on  single  iish  by  Cushing,  as  I  am  sure  you  are  aware,  but  other  people  may  not  be. 
You  have  to  measure  the  target  strength  to  do  the  correction,  but  it  can  be  corrected.  However, 
the  target  strength  of  a  shoal  as  looked  at  or.  its  edge  may  not  be  the  same  as  locked  at  right 
full  in  the  beam.  1  do  not  know  how  this  might  vary,  but  I  think  that  in  your  case  it  would  make 
it  very  difficult  to  correct,  unlike  the  case  of  a  single  fish. 

Smith:  1  am  sorry  that  I  did  not  point  out  more  of  the  difficulties  since  I  have  a  naturally 
optimistic  nature.  It  is  difficult  to  say  anything  about  a  shoal’s  target  strength  until  we  have  a 
theoretical  description  of  wha i  the  effect  is  of  a  target  having  physical  size.  You  know  that  when 
you  are  working  with  a  layer,  you  use  one  correction  for  range,  and  when  you  are  working  with 
a  point  source,  you  use  another  correction  for  range.  The  shod,  it  seems  to  me,  is  intermediate 
between  those  points,  and  the  target  strength  estimate  may  rest  on  how  you  make  the  range 
correction.  You  have  to  make  a  first-order  approximation,  which  I  Think  this  one  slide  did  with 
the  10°  cone.  I  think  that  until  we  find  the  effective  size  of  that  cone.,  we  cannot  tell  what 
proportion  of  the  cone  the  school  is  at  any  given  moment.  So  I  am  sure  you  are  quite  right. 

The  complexity  is  good  here.  While  the  complexity  affects  my  work,  it  does  not  affect  this 
paper,  which  is  restricted  to  horizontal  dimensions  and  abundance-how  many  and  how  big. 
When  we  start  saying  how  many  fish  are  within  these  schools  and  how  strong  these  schools  are, 
then  we  are  in  another  paper,  I  hope. 
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TABLE  I. 


Abundance  of  Sonar  Target*  by  Range  and  Pulse  Frequency  Taken  on 
Ribbon  Rock  Grid,  Catalina  Island,  October  8*10, 1968.* 


Inclusive 

ESjffiSj 

mm 

251- 

501- 

751- 

s 

• 

Grid 

Time 

K&B 

500 

750 

1000 

1250 

Total 

October  8, 1968 

1 

Leg  1 

0840*0902 

n 

12 

8 

5 

1 

26 

Leg  3 

'y 

0916-0936 

m 

2 

19 

18 

5 

1 

45 

i 

Leg  1 

0948-1011 

10.4 

10 

11 

11 

5 

37 

Leg  3 

3 

Leg  1 

1023-1045 

10.9 

22 

31 

22 

16 

14 

105 

1056-1  li8 

10.9 

22 

19 

25 

15 

4 

85 

Leg  3 

1132-1155 

10.4 

15 

19 

20 

6 

3 

63 

4 

Leg  1 

1627-1649 

10.9 

7 

3 

10 

Lsg  3 

5 

Leg  1 

1702-1724 

10.9 

4 

i 

A 

27 

2240-2302 

10.9 

l 

1 

4 

Leg  3 

2318-2340 

10.9 

5 

4 

3 

16 

October  9, 1968 

6 

- - 

Leg! 

0224-0246 

10.9 

30 

20 

20 

14 

2 

85 

Leg  3 

•* 

0302-0326 

10,0 

22 

5 

2 

2 

I 

32 

Leg  1 

0341-0403 

10.9 

3 

2 

3 

1 

8 

L«g3 

M 17-0439 

10.9 

l 

1 

8 

L#*! 

0721-0742 

$1.4 

i 

3 

2 

6 

Leg  3 

07560816 

12.C 

3 

5 

1 

9 

9 

Leg  I 

Q& 29-0851 

10.4 

10 

6 

12 

6 

2 

36 

Leg  3 

09040924 

12.0 

8 

. 

10 

• 

14 

4 

_Lj 

'JtoqMKy,  »  fete;  Rao*.  (FI  *30  a;  Gate,  JtOG- 


m 


Inclusive 

Velocity 

Grid 

Time 

(knots) 

751-  1001- 

1000  1250  Total 


10 

Leg  1 

0938-1001 

10.4 

8 

7 

12 

5 

Leg  3 

11 

Leg  1 

1015-1035 

12.0 

4 

10 

14 

8 

1047-1109 

10.9 

10.9 

17 

14 

18 

13 

Leg  3 

1124-1146 

7 

6 

17 

13 

12 

Leg  1 

1159-1221 

*0.9 

25 

32 

39 

27 

Leg  3 

1236-1258 

10.9 

6 

11 

16 

6 

13 

Leg  1 

1311-1333 

10.9 

10 

34 

20 

13 

Leg  3 

1347-1409 

10.9 

10 

12 

10 

4 

14 

Leg  1 

1422-1444 

10.9 

12 

29 

26 

12 

Leg  3 

1458-1520 

10.9 

5 

10 

5 

15 

Leg  1 

1534-1556 

10.9 

7 

4 

1 

Leg  3 

1610-1632 

10.9 

3 

1 

16 

Leg  1 

1645-1706 

11.4 

4 

1 

Leg  3 

1719-1740 

11.4 

9 

12 

6 

2 

17 

Leg  1 

1754-1816 

10.9 

9 

9 

6 

1 

Leg  3 

1829-1850 

11.4 

2 

4 

3 

18 

Leg  1 

19C3-1925 

10.9 

1 

2 

3 

Leg  3 

2238-2259 

11.4 

2 

3 

2 

4 

19 

Leg  1 

2313-2334 

11.4 

3 

6 

8 

i  Lee  3 

2349-2410 

11.4 

5 

7 

. .  i 

16 

6 

October  10, 1968 


. 

20 

Legl 

00244)045 

11.4 

4 

Leg  3 

00594)121 

10.9 

6 

21 

Leg  1 

01344)155 

11.4 

1 

Leg  3 

02114)234 

10.4 

1 

22 

Leg  1 

02474)308 

11.4 

Leg  3 

03224)344 

10.4 

1 
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TABLE  I.  (Continued) 


Grid 

Inclusive 

Time 

Velocity 

(knots) 

0- 

250 

- —t 

251- 

500 

501- 

750 

751- 

1000 

1001- 

1250 

Total 

3 

II 

Leg  1 

0359-0420 

11.4 

1 

2 

1 

1 

7 

Leg  3 

0434-0455 

11.4 

4 

24 

ilia 

Leg  1 

0508-0529 

11.4 

6 

■  I 

■ 

1 

15 

Leg  3 

0542-0603 

11.4 

1 

5 

1 

■  I 

9 

25 

M 

Leg  1 

0616-0638 

Ha 

7 

10 

HI 

29 

Leg  3 

0650-0711 

1 

mm 

■ 

I  m 

8 

26 

I 

M 

liBBI 

Leg  1 

0723-0745 

wM 

MM 

7 

Leg  3 

0759-0819 

19 

n 

| 

i 

7 

Totals 

329 

463 

m 

246 

81 

1570 
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TABLE  II. 

Abundance  of  Sonar  Targets  by  Range  and  Pulse  Frequency  Taken  on 
Ribbon  Rock  Grid,  Catalina  Island,  October  21  and  22, 1968.* 


Inclusive 

Velocity 

0- 

Ki 

C/i 

. 

501- 

751- 

Grid 

Time 

(knots) 

250 

mm 

750 

1000 

October  21,3968 

1  D 

■■■ 

mm 

— 

Leg  1 

2338-2359 

SB 

3 

2 

Leg  3 

0015-0037 

m 

1 

10 

October  22, 1968 

2D 

Leg  1 

0049-03 1C 

11.4 

1 

2 

5 

7 

1 

16 

Leg  3 

0127-0150 

10.4 

2 

2 

6 

5 

15 

3D 

Leg  1 

0204-0225 

n.4 

6 

14 

5 

5 

6 

36 

Leg  3 

0242-0304 

10.9 

4 

8 

3 

4 

19 

4  D 

Leg  1 

0317-0338 

11.4 

1 

3 

2 

3 

1 

10 

Leg  3 

03S4-0416 

■ 

1 

3 

1 

1 

6 

5  D 

Leg  1 

0430-0453 

10.4 

1 

1 

3 

5 

Leg  3 

0507-0528 

11.4 

1 

2 

1 

4 

6D 

Leg  1 

0540-0603 

10.4 

1 

3 

2 

1 

7 

Leg  3 

0616-0636 

12.0 

1 

1 

2 

7  D 

Leg  1 

0648-0711 

10.4 

5 

0 

2 

16 

Leg  3 

0726-0747 

11.4 

18 

9 

8 

5 

40 

8  D 

Leg  1 

0759-0822 

104 

14 

27 

32 

5 

78 

Leg  3 

0836-0857 

11  4 

18 

24 

23 

18 

3 

86 

9  D 

Leg  1 

0912-0934 

10.9 

25 

33 

26 

26 

5 

115 

Leg  3 

0950-1012 

10.9 

17 

20 

23 

12 

1 

73 

10  D 

Leg  1 

1025-1047 

10.9 

15 

29 

26 

20 

3 

93 

Leg  3 

1102-1125 

104 

15 

25 

29 

16 

4 

89 

!1D 

Leg  1 

1456-1518 

10.9 

IS 

24 

13 

11 

66 

Leg  3 

1533-1556 

104 

8 

20 

16 

9 

53 

12D 

Leg  1 

1608-1629 

11.4 

2 

9 

11 

5 

27 

Leg  3 

1644-1706 

10.9 

7 

9 

3 

2 

21 

♦Frequency,  30  kHz;  Range,  0-1250  ns;  Gain,  RCG. 
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TABLE  II.  (Continued) 


Grid 

Inclusive 

Time 

Velocity 

(knots) 

wm 

ESI 

251- 

500 

m 

pi 

1001- 

1250 

Total 

13  D 

■■ 

■■ 

Leg  1 

1718-1741 

10.4 

4 

99 

mm 

3 

27 

Leg  3 

1755-1816 

11.4 

9 

mm 

19 

26 

14  D 

1  1 

mu 

Leg  1 

1828-1845 

99 

■9 

5 

2 

31 

Leg  3 

1906-1927 

■B 

i 

i 

3 

15  D 

Leg  1 

1938-2001 

10.4 

2 

6 

Leg  3 

2016-2038 

10.9 

1 

1 

1 

6 

16  D 

Legl 

2049-2110 

11.4 

3 

1 

1 

5 

Leg  3 

2128-2150 

10.9 

11 

3 

20 

17  D 

Legl 

2202-2224 

10.9 

3 

1 

7 

Leg  3 

2240-2304 

10.0 

6 

8 

3 

19 

18  D 

Leg  1 

2316-2338 

| 

1 

1 

3 

5 

Leg  3 

2351-2415 

10.0 

5 

5 

4 

3 

3 

20 

Totals 

240 

335 

286 

170 

36 
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The  Abundance  of  Sonar  Targets  by  Range  and  Pulse  Frequency  Taken  on 
Ribbon  Rock  Grid,  Catalina  Island,  October  8*10, 1968.* 


■HUMi 

— 

Inclusive 

Velocity 

0- 

ESI 

1001- 

1501- 

E7TTS 

Grid 

Tim* 

(knots) 

■  IOI« 

1500 

ESI 

2500 

Total 

October  8, 1968 

1 

Leg  1 

0840-0902 

El 

- - — -J 

22 

5 

— 

27 

Leg  3 

0916-0936 

■Hi 

14 

8 

3 

2 

1 

28 

2 

Leg  1 

0948-1011 

10.4 

31 

6 

1 

38 

Leg  3 

1023-1045 

10,9 

19 

10 

2 

31 

3 

Leg  1 

1056-1118 

10.9 

20 

WM 

1 

28 

Leg  3 

1132-1155 

10.4 

19 

mm 

26 

4 

Leg  1 

1627-1649 

10.9 

14 

14 

Leg  3 

e 

1702-1724 

10.9 

■ 

J> 

Leg  1 

2240-2302 

10.9 

la 

B 

Leg  3 

2318-2340 

10.9 

n 

i 

Si 

October  9, 1968 

m 

■Ell 

0224-0246 

10.9 

8 

i 

9 

•^CE9 

0302-0326 

10.0 

3 

3 

7 

Leg  1 

0341-0403 

10.9 

3 

3 

Leg  3 

0417-0439 

10.9 

1 

1 

2 

8 

Leg  1 

0721-0742 

mm 

5 

8 

l*g3 

0756-0816 

.ffl 

3 

9 

Leg  1 

0829-0851 

10.9 

1 

8 

22 

Leg3 

0904-0924 

12.0 

■n 

4 

10 

Leg  1 

0938-1001 

10.4 

12 

2 

24 

Leg  3 

1015-1035 

12.0 

13 

14 

11 

Leg  1 

1047-1109 

10.9 

19 

5 

24 

Leg  3 

1124-1146 

10,9 

5 

10 

15 

12 

Legl 

1159-1221 

10.9 

21 

8 

2 

31 

Leg  3 

1236-1258 

10.9 

8 

8 

•Frequency,  11  kHz;  Range,  5-2500  m;Gain,  RCG. 
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TABLE  III.  (Continued) 


Inclusive 

Time 


1001-  1501-  2001- 

1500  2000  2500  Total 


October  10, 1968 


20 

Leg  1 

0024-0045 

11.4 

Leg  3 

0059-0121 

10.9 

21 

Leg  1 

0134-0155 

11.4 

Leg  3 

0211-0234 

10.4 

22 

Leg  1 

0247-0308 

11.4 

Leg  3 

0322-0344 

10.9 

23 

Leg  1 

0359-0420 

11.4 

Leg  3 

0434-0455 

11.4 

24 

Leg  1 

0508-0529 

11.4 

Leg  3 

0542-0603 

11.4 
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TABLE  IV. 

Abundance  of  Sonar  Targets  by  Range  and  Pulse  Frequency  Taken  on 
Ribbon  Rock  Grid,  Catalina  Island,  October  21  and  22, 1968.* 


502-  1001-  1501*  2001- 

1000  1500  2000  1500  Total 


October  21, 1968 


2 


Grid 

Inclusive 

Time 

Velocity 

(knot*) 

C 

1  D 

Leg  1 
Leg  3 

2338-2359 

0015-0037 

11.4 

10.9 

2  D 

Leg  1 

0049-0110 

Leg  3 

0127-0150 

3  D 

Leg  1 

0204-0225 

Leg  3 

0242-0304 

4  D 

Leg  1 

0317-0338 

Leg  3 

0354-0416 

5  D 

Leg  1 

04304)453 

Leg  3 

05C7-0528 

6  D 

Leg  1 

0540-0603 

Leg  3 

06160636 

7  D 

Leg  1 

06484)711 

Leg  3 

07260747 

8  D 

Leg  1 

07594)822 

Leg  3 

08360857 

9  D 

Legl 

09124)934 

Leg  3 

0950-1012 

10  D 

Legl 

1025-1047 

Leg  3 

1102-1125 

11  D 

Legl 

1456-1518 

Leg  3 

1533-1556 

12  D 

Legl 

1608-1629 

Leg  3 

1644-1706 

»Fwg— cy,  1 1  kHt;  Rm*».  0-2500;  Gate,  KCG 
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ON  FISHERY  BIOLOGY  AND  OCEANOGRAPHY  FOR  PARTICIPANTS 
FROM  ASIA,  AFRICA,  THE  PACIFIC  AREA,  THE 
MEDITERRANEAN  REGION  AND  SOME 
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METHODS  OF  DIRECT  CALCULATION  OF  FISH  CONCENTRATIONS 
BY  MEANS  OF  HYDROACOUSTIC  APPARATUS 

Dr.  Truskanov  M.D. 

Dr.  Scherbino  M.N. 


Every  method  is  in  the  long  run  determined  by  a  complex  of  means  and  facilities  available  at 
the  disposal  of  the  investigator.  New  technical  means  of  research  provide  a  possibility  of  working 
out  the  new  methods.  Hy  droacoustic  fish  detection  techniques  is  one  of  them.  Presently,  various 
countries  of  developed  oceanic  fisheries  designed  perfect  hydrolocation  gear  of  high  discrimina¬ 
tion  providing  a  dependable  means  of  fish  detection  at  any  depths  open  for  fisheries. 

Since  1958  the  authors  were  engaged  in  designing  a  hydroacoustic  method  of  determination 
of  numerical  strength  of  fish  both  in  dense  and  dispersed  concentrations. 

In  1961  this  method  was  formally  adopted  for  assessment  of  stock  condition  of  Atlanto- 
Scandian  herring. 

The  hydroacoustic  method  of  determination  of  numerical  strength  of  fish  is  a  method  of 
direct  calculation  of  the  number  of  fish  in  the  shoal  and  it  is  largely  free  from  the  defects  of 
other  methods  of  direct  calculation  of  numerical  strength  which  had  been  known  before.  Earlier 
methods  of  strength  determination  had  one  big  disadvantage:  for  determining  the  abundance  of 
any  stock  of  commercially  important  fish,  the  data  wen  used  that  only  indirectly  characterized 
the  quantitative  composition  of  a  given  stock. 

Accuracy  of  such  methods  depends  on  s  greet  number  of  factors  which  very  often  cannot  be 
quantitatively  assessed. 

The  hydroacoustic  method  of  determination  of  fieh  abundance  is  a  direct  method  allowing 
one  to  obtain  information  on  the  numerical  strength  of  fhh  in  the  given  area  of  the  by  means 
of  hydrolocaton  and  electronic  apparatus. 

Commercially  important  fishes  art  known  to  form  coo  pact  rations  of  different  density,  the 
range  of  density  being  my  large*  from  one  specimen  per  hundreds  of  thousands  of  cubic  metres 
of  water  f  a  score  or  two  in  one  cubic  metre. 

Pelagic  fishes  as  a  rub  form  denser  concentrations  kt  cosnparieon  with  bottom  fishes.  It  was 
generally  observed  that  the  density  of  a  fish  concentration  is  inversely  proportional  to  the  aim  of 
the  specimens  it  is  composed  of.  it  is  also  known  that  density  of  concentration  of  this  or  that 
spedei  of  commercially  important  fishes  depends  on  the  mason;  thus,  yawning  thoah  sis  almost 
always  denser  than  feeding  thoah,  etc 

When  dense  local  concentrations  an  formed  on  the  yawning  or  wintering  grounds  the  ana 
number  of  specimens  may  become  mix  svanly  distributed  over  a  considerably  gnat  eae  area 
during  the  feeding  period. 
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in  this  connection  all  echograms  can  be  divided  into  two  categories: 

a)  echograms  of  dispersed  ccno.rtraiicus  ensb&tg  one  to  conduct  visual  calculation  of  the 
number  of  fish  within  the  range  of  operation  of  tbs  echo -sounder. 

b)  echograms  of  dense  concentrations  which  do  not  permit  one  to  conduct  visual  calculation 
of  the  number  of  fish  within  the  range  of  operation  of  the  echo-sounder,  though  in  this  case  the 
echo  traces  also  provide  some  information  on  the  number  of  objects  of  dispersion,  i.e.  fish. 

Numerous  commercially  important  specks  assemble  in  certain  areas  of  the  sea  during  certain 
periods  in  their  life  time  and  their  concentrations  may  be  patterned  accurately  enough  by  means 
of  hydrolocators,  i.e.  it  becomes  postib'e  to  assess  the  size  of  such  concentrations. 

The  methods  of  determination  of  the  size  of  fish  concentrations,  both  dense  and  dispersed, 
are  similar,  but  the  methods  of  determination  of  density  are  different. 

Solution  of  the  problem  of  determination  of  the  number  of  fish  in  the  stock  is  bued  on  the 
knowledge  of  two  main  factors:  the  size  and  density  of  a  fish  concentration. 

1.  Determination  of  the  Size  of  Fkth  Concentrations 

The  size  of  fish  concentrations,  pattern  of  distribution,  end  absolute  density  value  are  assessed 
by  means  of  direct  echometric  survey,  its  time  and  area  bnit  8  mainly  determined  by  the  life 
history  of  the  investigated  species.  In  this  case  it  is  desirable  u  take  such  period  of  time  when  all 
the  population  or  its  main  part  is  concentrated  withm  the  ^naliest  possible  area  (pre-spawning  or 
spawning  concentrations),  or  to  choose  a  period  whe^  the  stock  is  distributed  over  a  wider  area, 
but  with  more  even  density  (feeding  period). 

In  each  case  the  character  of  echometric  *un*!»y  r  governed  by  the  following  factors: 

a)  biology  of  species  (character  of  concern  ration*,  migrat  ory  path? .  seasons  and  so  on), 

b)  size  of  the  ocean  area  to  be  investigated, 

c)  technical  capacities  of  fish-finding  hydroacoustic  apparatus  (echo  sounders  and 
hydrolocators). 

At  first  one  or  most  vsamh  catty  out  rtconntkw nne  echo  ney  x-nuring  the  area  deliberately 
larger  than  the  area  occupied  by  the  concentration.  This  a  done  it*  order  to  determine  more  psa- 
daily  the  locality  of  different  parts  of  the  oecoersfrstkM,  its  vertical  distribution  and  character 
of  separate  individual  shoals. 

In  case  of  dense  concentrations  hydrokcetora  and  echo  sounders  are  used,  whereas  only  echo 
sounders  are  applied  in  earn  of  dispersed  coaecatrstioaa.  One  of  the  vessel*  at  the  mm*  tune 
carries  out  hydro  survey  in  the  tree  of  operations.  After  the  mean  sizes  of  risuab  and  tfcor  fre¬ 
quency  of  occurrence  ere  determined  (a?  mU  at  rvlhbk  range  of  direction  finding 
site  risoris)  in  earn  of  denes  coacratratfcx**.  the  required  number  of  echometric  tacks  and  after 
that  the  number  of  vessels  required  for  survey  are  calculated. 

The  main  survey  is  carried  out  synchronously  by  ail  vtasaii,  afi  observed  ritotla  with  their 
actual  mm  taken  borhontafiy  and  vertically  arc  registered  by  each  vessel  on  a  deta tied  chart 
board.  In  cue  of  dkpened  concentrations,  the  ausa  of  each  shoal  b  determined  by  a  grid  of  tacks 
covering  the  location  of  thi  shoal  F*ch  tack  h  intermitted  5-10  mtortas  after  the  termination  of 
the  feet  recording  of  fish  by  the  echo  sounder.  In  cm  of  dene  concentrations  the  ska  of  a  rime! 
h  determined  by  mean*  of  a  hydrolocator  ierbe  ranging  type)  showing  the  bonxoevri  eaieaaiou 
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of  the  shoal  by  different  tack  angles.  In  this  case,  the  number  of  tacks  is  considerably  reduced, 
as  well  as  the  number  of  vessels  participating  in  the  surveys.  A  special  method  was  developed  for 
the  correction  of  errors  observed  in  determination  of  the  size  of  fish  shoal  by  me  am  of  echo 
rangers  and  echo  sounders,  and  a  special  adjustment  table  was  prepared  for  quick  determination 
of  the  actual  size  of  each  shoal. 

The  actual  size  of  each  shoal  is  determined  by  its  horizontal  and  vertical  extension  and  the 
total  size  of  the  concentration  is  estimated  by  summing  up  the  sizes  of  individual  shoals.  Then 
the  summary  chart  board  of  echo  survey  is  prep  red. 

It  must  be  noted  that  this  survey  require-  a  higher  degree  of  navigation  skill,  as  the  latter  may 
greatly  effect  the  accuracy  of  this  method. 

In  this  way  we  determine  the  first  main  parameter  of  a  concentration  •  its  size. 

II.  Determination  of  the  Density  of  Fish  Concentration 

The  second  main  parameter,  the  density  of  a  concentration,  is  determined  by  different 
methods  depending  on  what  sort  of  concentration  (dispersed  or  dense)  is  subjected  to  echo 
survey. 

1.  Determination  of  the  density  and  number  of  fish  fat  dfapened  concentrations 

In  case  of  dispersed  concentrations  the  following  method  is  used:  the  number  of  fish  simul¬ 
taneously  observed  within  the  echo  range  is  read  from  an  echogram.  For  this  purpose,  a  chart  of 
the  direction  of  the  transceiver  system  of  the  echo  sounder  is  calculated  first;  then  baaing  on  the 
analysis  of  traces  of  separated  individual  specimens,  the  area  of  operation  of  the  echo  sounder  is 
determined.  The  area  of  oraratioa  it  am&u  in  form  to  the  direction  chart  of  the  transceiver 
system,  but  it  shows  ir.  addition,  what  part  of  a  space  under  the  vessel'*  keel  is  controlled  by  the 
echo  sounder.  In  this  way,  it  is  possible  to  determine  the  volume  of  water  mass  under  the  vessel’s 
k«*el  in  which  the  number  of  indi  vidual  specimens  of  the  given  concentration  is  registered  after 
f*ch  sound  impulse  emission.  Different  type?  of  echo  sounders  have  different  direction  charts 
and,  consequently,  different  areas  of  operations  The  authors  suggested  a  method  of  determina¬ 
tion  of  the  area  of  operation  of  any  echo  sounder  from  the  data  of  its  direction  chart  and  from 
the  data  on  reflecting  capacity  of  «n  object  subjected  io  eehoaounthng.  !♦  "ms t  be  bom  in  mind 
that  the  area  of  operation  of  the  echo  sounder?  should  be  determined  In  advance  by  all  vessel? 
participating  in  the  survey.  These  pre -calculi ted  areas  of  operation  of  the  echo  sounders  to  be 
used  for  locating  a  concentration  serve  for  determination  of  the  vertical  range  of  operation  by 
the  upper  and  'owei  edges  of  the  surveyed  concentration.  The  height  of  the  layer  where  concen¬ 
tration  found  is  obtained  from  the  echogram.  The  speed  of  the  vessel  at  the  moment  of  echo 
tracing  of  fish  and  the  period  of  echo  sounding  are  also  registered.  Consequently,  the  volume  of 
water  explored  by  the  echo  sounder  can  also  be  determined.  The  echogram  serves  to  calculate 
the  number  of  fish  registered  by  the  echo  sounder  during  the  same  period-  After  these  data  ere 
obtained,  the  density  is  determined  as  the  ratio  of  time  number  of  fish  to  the  value  of  water 
volume. 
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where 

p  =  density;  number  uffish/m? 

N  =  number  of  fish 
v  =  volume;  m3 

Sometimes,  it  is  more  convenient  to  use  mi  inverse  ratio,  i.e.,  the  volume  of  water  per  one 
fish: 


1  v 
p  3  N 

In  surveys  of  disperse  concentrations,  it  is  advisable  to  choose  such  moments  when  all  or 
main  parts  of  the  concentration  is  found  off  the  bottom  (at  some  stages  of  vertical  migrations). 

This  is  recommended  bet  'use  the  rough  gro  aid  may  to  some  extent  obscure  the  echo  traces 
on  the  tchogram  produced  Dy  the  fish  at  the  bottom. 

If  the  roughness  of  ground  is  great  and  the  major  part  of  specimens  of  a  dispersed  concentra¬ 
tion  keep  close  to  the  bottom,  it  is  necessary  to  resort  to  some  special  measures,  e.g.  to  use 
different  types  of  echo  sounder  selectors  of  bottom  traces:  the  “white  line”,  “differential 
chain”,  “fish  filter”  types,  etc.  If  the  echo  survey  is  taken  during  the  period  when  fish  keep  in 
midwater,  all  specimens  of  fish  are  cletrly  traced  by  the  echo  sounders  and  may  be  easily  read 
on  the  echogram.  After  the  deteimination  of  distribution  of  density  along  the  echo  tacks  is  com¬ 
pleted,  the  isotines  of  equal  density  are  drawn  on  a  chart  board.  The  size  of  each  part  of  the 
shoal  between  the  isolines  is  calculated.  The  size  and  density  being  known,  it  is  possible  to  cal¬ 
culate  the  number  of  fish  in  each  part  of  the  shoal,  and  then  the  number  of  fish  in  the  whole 
concentration. 

The  size  and  age  compositions  of  the  i  oncentra*ions  are  defined  more  precisely  by  means 
of  experimental  catches  and  analysis  of  echo  traces. 

2.  Determination  of  density  and  numerical  strength  of  dense  concentrations 

As  the  accuracy  of  determination  of  the  number  of  fish  in  the  size  unit  has  a  decisive  im¬ 
portance  in  case  of  dense  concentrations,  three  different  methods  of  density  determination  were 
worked  out  which  mutually  supplement  and  define  each  other. 

The  first  method  of  determination  of  the  absolute  density  is  based  on  a  combined  use  of  an 
automatic  ’  underwater  camera  and  an  echo  sounder.  By  calculating  the  number  of  fish  in  one 
still  photograph  and  having  estimated  in  advance  the  volume  of  water  where  specimens  are  reg¬ 
istered,  one  can  calculate  the  density  with  sufficient  degree  of  accuracy. 

In  practice,  it  is  done  as  follows:  the  underwater  camera  is  lowered  into  one  and  the  same 
layer  now  and  then  occupied  by  shoals  of  different  density  which  serve  for  measuring  the  am¬ 
plitude  of  receiving  the  echo  by  means  of  echo  sounder  and  electronic  oscillograph. 

From  the  Jata  so  obtained,  the  relation  of  the  amplitude  of  the  incoming  ^cho  receive  1  by 
the  echo  sounder  amplifier,  the  density  of  stock  is  determined. 
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The  second  method  is  based  on  placing  the  transceiver  system  of  the  ship’s  echo  sounder 
directly  amid  the  concentration  of  fish  which  greatly  improves  the  angular  discrimination  of  the 
echo  sounder,  owing  to  the  lesser  number  of  objects  within  the  operation  range  in  comparison 
with  the  method  of  operation  from  the  surface. 

This  allows  to  apply  the  method  used  for  dispersed  concentrations  and  to  determine  the 
density.  An  outboard  echo  sounder  operates  simultaneously  with  the  ship’s  stationary  echo 
sounder  equipped  with  an  electronic  fish-tracer.  Their  indices  are  used  for  determining  the  rela¬ 
tion  of  the  amplitude  of  the  incoming  echo  received  by  an  amplifier  to  the  density  of  the  con¬ 
centration. 

The  third  method  is  based  on  density  determination  by  means  of  the  echo  sounder,  calibrated 
in  advance  with  standard  equi-models  that  had  been  selected  on  the  basis  of  experimental  data 
and  the  data  derived  from  calculations. 

In  this  case  the  degree  of  dispersion,  the  area  of  reflecting  surface  and  the  coefficient  of  fish 
reflection  are  taken  into  account.  In  density  determinations,  especially  during  the  first  echo- 
metric  surveys,  it  is  advisable  to  use  the  data  obtained  by  all  three  above-mentioned  methods. 
These  data  arc  used  for  calculating  the  relation  of  the  value  of  the  incoming  signal  to  the  density 
of  fish  concentration  by  means  of  the  following  formula: 

Uinc  «  K  \/p~ 

where 

Uinc  *  amplitude  of  the  incoming  echo  received  by  the  echo  sounder  in  pv 
K  *  coefficient 

p  ■  density  in  specimens  per  m3  -  (Fig.  1). 

Empirical  coefficient  K  is  obtained  as  a  result  of  statistical  treatment  of  experimental  data; 
it  characterizes  the  acoustic  and  electric  properties  of  the  echo  sounder  and  the  acoustic  prop¬ 
erties  of  the  given  fish  concentration. 


Figure  1.  Graph  shows  the  relation  of 
echo  trace  to  density  of  concentrations. 
Data  were  obtained  during  investigations 
in  the  North  Atlantic  area 
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In  case  of  Atlanto-Scandian  herring  K.  -  12.65  (for  HAG  •  240  echo  sounder).  The  above 
methods  are  used  for  determination  of  density  in  the  course  of  echometric  surveys.  It  is  also 
possible  to  determine  the  relative  density  during  the  survey  by  means  of  the  electronic  fish- 
tracer  of  the  echo  sounder  or  by  a  special  oscillograph  switched  to  the  echo  sounder  amplifier. 

By  a  simple  calculation  relative  density  is  converted  into  the  absolute  density  with  the  help  of 
the  above  Uinc/p  ratio. 

The  next  stage  is  a  precision  treatment  of  the  data  obtained  which  is  done  along  the  following 
general  line:  horizontal  and  vertical  sections  of  fish  concentrations  are  plotted  and  the  density 
values  are  entered  after  the  corrections  were  made  for  navigation  and  instrumental  errors.  Then, 
zones  of  equal  density  are  plotted  and  the  size  of  each  zone  is  calculated  separately.  Then  the 
number  of  fish  is  determined  first  in  each  zone,  then  in  the  shoal  and,  finally,  in  the  concentra¬ 
tion  as  a  whole.  Size  and  age  compositions  of  the  concentrations  are  defined  by  control  trawl- 
ings.  Finally,  the  number  of  fish  converted  in  weight  units  is  determined. 

This  is  a  general  outline  of  the  sequence  of  operations  of  hydroacoustic  method  of  calculation 
of  stock  abundance  in  dense  and  dispersed  concentrations.  Some  results  of  its  application  are 
given  below  with  a  view  to  illustrate  the  advantages  of  this  method. 


RESULTS 

Methods  of  determination  of  the  numerical  strength  of  dispersed  concentrations  were  tested 
in  different  parts  cf  the  Barents  Sea.  Surveys  were  conducted  on  concentrations  which  as  a  re¬ 
sult  of  vertical  migrations  were  scattered  in  water  thickness.  Control  hauls  by  the  bottom  trawl 
produced  catches  of  a  few  specimens.  As  a  result  of  echo  surveys  the  numerical  strength  of 
separate  local  concentrations  was  defined. 

Thus,  the  concentration  in  shallow  waters  near  Murmansk  numbered  about  200,000  speci¬ 
mens  of  average  size  cod  that  kept  in  the  near  bottom  layer,  its  density  being  in  the  order  of 
0.32  X 10"4  specimens/m3. 

Concentrations  of  big  size  cod  on  the  Pinmarken  Bank  numbered  about  308,000  specimens 
which  were  distributed  with  density  0.12  X  10*4  specimens/m3.  Cod  concentrations  of 
Rybachya  Bank  was  composed  of  1G2,000  specimens  of  even  size  cod  with  density  0.63  X  10"4 
specimens/m3.  In  1962,  an  echo  survey  was  carried  out  in  the  eastern  coast  area.  The  observed 
concentrations  numbered  about  73,000  small-sized  cod  and  haddock  specimens  with  mean 
density  0.78  X  10"4  specimens/m3. 

Small-scale  operations  were  conducted  during  the  echo  surveying  of  wintering  concentration 
of  Atlanto-Scandian  herring  in  the  Norwegian  Sea,  north  of  the  Faroes.  This  work  was  stared  in 
1958  and  continued  in  1961, 1962,  and  1963. 

Surveys  were  made  by  the  leading  vessel  of  BMR'i  type  and  about  7-10  control  vessels  of 
SRT  type.  The  results  of  the  survey  are  given  in  Table  I. 

CONCLUSION 

In  conclusion  it  is  necessary  to  dwell  in  more  detail  on  the  possibilities  and  prospects  of  this 
method.  While  the  other  methods  of  direct  determination  of  numerical  strength  are  based  on 
the  theory  of  random  sampling  and  are  limited  by  the  number  of  samples  (possible  number  of 
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TABLE  I 


Index 

1958 

1961 

1962 

1963 

Mean  vertical  size  of  the 
concentration  in  m 

- -  1 

70 

85 

80 

115 

Total  area  occupied  by  the 
concentration  in  m2 

260  X106 

142X10® 

268  X 10® 

221  X 10® 

Total  size  of  the  concen¬ 
tration  in  m3 

18.5  X  109 

12.1  X 109 

21.4  X109 

20.9X10’ 

Average  density  of  concen¬ 
tration,  specimens/m3 

1.0 

0.75 

0.68 

0.77 

Abundance  of  herring  stocks 
in  tons 

6.03  X 10® 

2.50X10® 

2.80  X 10® 

3.00X10® 

Forecastings  on  abundance  of  stocks  and  fishing  efficiency  based  on  data  of  echo- 
metric  surveys  have  fully  come  true. 


experimental  trawiings  or  purse  seine  hauls,  etc.),  the  number  of  samples  in  hydroacoustic 
method  amounts  to  a  very  high  value  (a  few  scores  per  minute),  because  every  impulse  of  the 
echo  sounder  is,  in  a  sense  a  sample  by  itself.  While  in  determinations  of  the  density  of  a  con¬ 
centration  by  means  of  experimental  trawiings,  the  result  may  depend  on  a  large  number  of 
factors,  e.g.  on  the  selection  of  the  area  of  fishing  on  the  design  and  catching  capacity  of  fishing 
gears,  etc.,  in  our  case  there  is  a  possibility  to  determine  accurately  enough  the  density  and  the 
limits  of  each  concentration  throughout  the  area  occupied  by  the  concentration.  Basing  on  the 
result  of  this  work,  it  seems  possible  to  determine  the  numerical  strength  of  an,  concentration 
with  no  less  degree  of  accuracy  than  10-15%  if  the  number  of  vessels  available  is  sufficient  and 
if  the  echo  survey  is  taken  thoroughly  enough. 

As  this  method  requires  the  synchronous  survey,  the  time  allocated  to  such  survey  should 
necessarily  be  kept  to  a  minimum,  because  8  re-distribution  of  concentrations  may  result  in 
errors  that  cannot  be  taken  into  account.  In  practice,  such  survey  is  done  within  1  or  2  days. 

This  method  does  not  require  too  much  effort  except  for  a  rather  complicated  process  of 
treatment  of  the  data  obtained.  Presently,  the  authors  are  working  at  the  methods  of  automa¬ 
tion  of  the  process  of  collection  and  treatment  of  material. 

The  experiment  echometric  surveys  in  the  conditions  of  the  Barents  and  Norwegian  Sear 
showed  that  this  method  can  be  successfully  applied  for  determining  the  numerical  strength  of 
a  number  of  pelagic  and  bottom  fishes  in  different  areas  of  commercial  fisheries. 
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ABSTRACT 

The  studies  of  sound  scattering  by  marine  organisms  carried  out  by  the  Institute  of 
Oceanography,  University  of  British  Columbia,  have  been  directed  towards  the  zooplankconic 
community  and  to  understanding  the  roles  of  fishes  and  zooplankton  in  scattering.  The 
present  study,  begun  in  1966,  has  been  carried  out  in  Saanich  inlet  on  the  southeast  coast  of 
Vancouver  Island,  British  Columbia.  The  frequency-dependent  nature  of  the  scattering  has 
been  studied  with  echo  sounders  operating  at  1 1, 44, 107,  and  197  kHz.  The  present  paper 
deals  with  distributions  of  zooplankton  and  fishes  relative  to  scattering  recorded  at  197  kHz. 
Both  diffuse  and  fish  scattering  have  been  recorded  from  the  near-surface  and  midwater 
depths  in  Saanich  Inlet.  The  diffuse  scattering  near  the  surface  is  associated  with  larval  fishes 
and  copepods  less  than  0.5  cm  long,  whereas  that  at  the  midwater  depth  is  correlated  with 
high  numbers  of  euphausiids.  Deeper  fish  scattering  is  associated  with  juvenile  and/or  adult 
myctophids.  Scattering  layer  migration  also  is  discussed  and  correlated  with  zooplankton 
movement. 


INTRODUCTION 

The  studies  of  sound  scattering  by  marine  organisms,  carried  out  by  the  Institute  of  Ocean¬ 
ography,  University  of  British  Columbia,  have  been  directed  towards  the  zooplanktonic 
community  and  to  understanding  the  roles  of  fishes  and  zooplankton  in  scattering.  Several  types 
of  organisms  have  been  suggested  as  possible  scatterers  besides  fishes;  these  include  euphausiids 
and  other  crustaceans  (Boden,  1950;  Moore,  1950),  physonectid  siphonophores  (Barham,  1963, 
1966),  and  squid  (Lyman,  1948).  Some  investigators  have  found  high  concentrations  of  zoo¬ 
plankton  from  the  depths  where  strong  scattering  is  recorded.  The  crustacean  Euphausia 
pacifica,  for  example,  was  reported  to  be  the  most  significant  planktonic  component  in  a  sonic- 
scattering  layer  recorded  at  1 2  kHz  by  Boden  and  Kampa  (1965). 

Hersey  and  Backus  (1962)  suggest  that  fishes  are  the  most  likely  scatterers  in  the  deep  scat¬ 
tering  layer  (DSL)  recorded  at  frequencies  around  1 2  kHz.  They  also  find  it  highly  improbable 
that,  at  this  frequency,  euphausiids  would  be  the  scattering  agent  in  these  layers.  Bary  (1966) 
compared  the  vertical  distribution  of  both  euphausiids  and  amphipods  with  the  locations  of  a 
12-kHz  scattering  layer  in  Saanich  Inlet.  Because  he  found  no  consistent  relationship  between 
the  recorded  scattering  and  the  biomass  or  numbers  of  specimens,  he  concluded  that  zooplank- 
tonic  organisms  of  lengths  up  to  2  cm  were  not  causing  backscattering  of  sufficient  intensity  to 
be  recorded  at  that  frequency. 


’Present  address:  Department  of  Oceanography,  University  College,  Galway.  Ireland 


601 


602 


BARY  AND  PIEPER 


The  use  of  echo  sounders  at  frequencies  greater  than  30  kHz  has  been  infrequent  in  studies  of 
the  relationship  between  acoustic  scattering  and  the  distributions  of  either  fishes  or  zooplankton. 
Barraclough,  LeBrasseur,  and  Kennedy  (1969)  concluded  that  shallow  scattering  layers  recorded 
at  200  kHz  in  the  Pacific  probably  resulted  from  zooplankton,  primarily  copepods,  in  concen¬ 
trations  up  to  150/m3.  A  200-kHz  sounder  was  also  used  by  Northeote  (1964)  to  record  the 
distribution  of  Chaoborus  larvae  in  a  lake;  but  the  existence  of  a  gas  bubble  in  the  bead  of  the 
organism  makes  its  acoustical  characteristics  considerably  different  from  the  marine  crustaceans 
of  interest  in  our  work. 

The  present  study,  begun  in  196b,  has  been  carried  out  in  Saanich  Inlet  on  the  southeast  coast 
of  Vancouver  Island,  British  Columbia.  The  inlet  provides  a  favorable  location  for  such  studies 
because  of  the  occurrence  of  large  populations,  usually  separately  stratified,  of  both  fishes  and 
euphausiids  (mainly  E.  pacified)  at  relatively  shallow  depths  (Herlinveaux,  1962;  Bary,  1966). 
Echo  sounders  operating  at  11, 44, 107,  and  197  kHz  have  been  used  to  study  the  frequency- 
dependent  nature  of  the  scattering.  A  comprehensive  report  of  the  first  part  of  this  study  will  be 
published  elsewhere.  The  present  paper  deals  only  with  distributions  of  zooplankton  and  fishes 
relative  to  scattering  recorded  at  197  kHz. 

MATERIALS  AND  METHODS 

The  echograms  were  recorded  using  three  Ross  Fineline1  sounders  and  recorders  at  frequen¬ 
cies  of  44,  107,  and  197  kHz,  plus  a  Gifft  (GDRT)  transceiver  recorder,  operating  via  the  trans¬ 
ducer  of  an  1 1-kHz  Simrad  (EH4R)  echo  sounder.5 

The  primary  biological  sampler  was  the  instrumented  Catcher  (Bary  and  Frazer,  1 970)  which 
collects  discrete  samples  at  depth.  The  filters  used  were  either  2.5  or  16  mesh/cm  (mesh  opening 
2.16  mm  or  0.47  mm).  Instrumentation  on  the  sampler  enabled  information  to  be  recorded 
(throughout  all  tows)  on  depth,  temperature,  the  number  of  flowmeter  revolutions  and  the  rate 
of  flow  through  the  net.  The  volume  of  water  filtered  was  calculated  from  the  observed  flow¬ 
meter  counts.  The  signal  from  the  depth  unit  was  fed  to  the  Ross  echo  sounder  and  transformed 
to  provide  a  trace  of  tire  samp’er  depth  simultaneously  with  the  recording  of  scattering  during 
the  sampling  operations.  The  depth  unit  on  the  sampler  and  the  echo  sounder  were  intercali- 
brated  so  that  the  trace  of  depth  from  the  sampler  is  related  directly  to  deptn  as  shown  by  the 
echo  sounder. 

Biological  collections  also  were  obtained  from  a  6-foot  Isaacs-Kidd  midwater  trawl  (mouth 
area  2.9  m5)  and  a  ring  net  of  1-m  diameter.  Neither  could  be  closed,  and  therefore  collections 
from  one  depth  may  have  been  contaminated  by  specimens  from  a  shallower  depth.  The  depth- 
and-temperature  instrument  package  was  attached  to  these  two  samplers. 

Biological  samples  were  preserved  on  the  ship  in  5%  formalin  and  later  analyzed  in  th<*  labora¬ 
tory.  Specimens  over  0.5  cm  long  were  counted  and  sorted  into  the  following  major  groups: 
euphausiids,  amphipods,  decapods,  chaetognalhs,  and  sipbonop bores.  Specimens  of  all  groups 
leu  than  0.5  cm  in  length  were  classed  as  residue.  Ftshe'  and  fish  larvae  were  counted  separately, 
measured,  and  examined  for  the  presence  of  a  swim  bladder.  After  soring,  the  zooplankton 
samples  were  drained  and  bkrtttd,  and  the  wet  weight  was  determined.  The  lumber  of  organisms 
per  cubic  meter  of  water  filtered  for  the  Catcher  collections  have  been  determined  (Figs.  1  and 
2).  Collections  of  fishes  and  fish  larvae  for  all  samples  are  presented  in  Figures  3  and  4  es  the 
number  of  fishes  per  nautical  mile  of  distance  towed.  Tire  present  study  is  concerned  with  only 
crustaceans,  fishes,  and  fish  larvae,  these  being  the  probable  scitterers. 


1  Roil  Laboratories,  lnc.t  Seattle,  Washington. 
5Simonaen  Radio  A.S,  Oslo. 
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Figure  1.  Zooplankton  Number  per  cubic  meter,  total  bulk  index,  and  mean  wet  weigh ti  per 
individual  per  sample;  day  series  of  tows  made  during  March  30  to  April  2,  1968  (cniije  68/9) 


Numbers  per  cubic  meter  or  per  nautical  mile  and  the  mean  wet  weight  of  the  organisms 
(Catcher  oniy)  for  any  given  tow  have  been  plotted  against  the  location  of  the  scattering  re¬ 
corded  at  the  time  of  the  tow.  In  Figures  I  to  4,  the  scattering  shown  in  the  panels  is  typical  of 
that  recorded  during  the  series  of  tows  included  in  the  particular  figure.  A  bulk  index  has  been 
calculated  by  multiplying  the  number  per  cubic  meter  by  the  weight  per  cubic  meter  (Catcher 
only).  This  index  has  been  devised  to  enable  both  size  (weight)  and  abundance  of  zooplanktonic 
organisms  to  be  considered  with  respect  to  their  potential  as  scatterers. 

RESULTS  AND  DISCUSSION 

Results  to  date  indicate  that  at  the  higher  frequencies  (197, 107,  and  sometimes  44  kHz), 
scatter!.*  is  recorded  from  both  fishes  and  zooplankton,  whereas  at  the  lower  frequencies  (11 
kHz  and  sometimes  44  kHz),  scattering  is  only  from  fishes.  The  Ross  sounders  have  been 
operated  with  a  narrow  beam  angle  (5°  by  10°)  and  a  short  pulse  duration  (0.1  msec)  with  an 
obvious  increase  in  resolution.  The  result  has  been  to  minimize  the  overlapping  and  summing  of 
tingle  fish  echoes.  When  summing  and  overlapping  occur,  they  tend  to  produce  a  diffuse  scatter¬ 
ing  that  may  mask,  and  can  be  confused  with,  the  high-frequency  “zooplanktonic"  scattering. 
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Figure  2.  Zooplankton:  Number  per  cubic  meter,  total  bulk  index,  and  mean  wet  weights  per 
individual  per  sample;  night  series  of  tows  made  during  March  30  to  April  2,  1968  (cruise 
68/9) 

The  high  resolution  obtained  from  the  present  sounders  enables  echoes  of  single  fishes  to  be  dis¬ 
cerned  within  the  diffuse  scattering  produced  by  the  zooplanktonic  organisms. 

The  distributions  of  zooplankton  collected  by  the  Catcher  with  respect  to  the  197-kHz  scatter¬ 
ing  during  the  day  are  shown  in  Figure  1  and  during  the  night  in  Figure  2.  The  distributions  of 
fishes  (all  samples)  and  the  zooplanktonic  residue  (collected  by  the  Catcher  using  the  filter  of 
16  mesh/cm)  with  respect  to  the  scattering  during  the  day  are  shown  in  Figure  3  and  during  the 
night  in  Figure  4.  Table  I  lists  the  fish  species  collected  from  different  depth  ranges  and  indi¬ 
cates  whether  or  not  a  swimbiadder  is  present.  The  figures  and  table  present  data  obtained  during 
one  2-week  cruise  in  March  1968  (cruise  No.  68/9). 

Figure  1  shows  the  distribution  of  euphausiids  (mainly  E.  pacifica)  to  be  maximal  between  55 
and  65  m  (45/m3),  which  corresponds  with  the  scattering  layer  at  that  depth.  The  number  of 
euphausiids  per  cubic  meter  falls  off  rapidly  above  and  below  this  depth  range.  Similarly,  scatter¬ 
ing  around  100  m  appears  to  correspond  with  a  maximum  catch  of  amphipods  (15/m3)  at  that 
depth. 

The  night  distribution  of  zooplankton  (Fig.  2)  is  maximal  at  0  to  30  m  in  concentrations  of 
50  to  ?50/m3.  This  corresponds  to  a  shift  in  the  diffuse  scattering  from  the  day  depth  of  55  to 


Table  1 

Fishes  caught  in  daytime  tows  at  different  depth  ranges  (cruise  68/9). 
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Figure  3-  Fishes  tnd  fish  larvae:  Calculated  number  per  nautical  mile  of  tow  for  three 
samplers;  day  series  of  tows  made  during  March  30  to  April  2,  1968  (cruise  63/9) 


.J 


i 

i 


i 

s 

j 


65  m.  The  distribution  of  am  phi  pods  has  spread  upwards  over  a  wider  range  of  depths  but  is  still 
maxim  el  at  100  m  (10/m3). 

Fishes  and  Osh  larvae  caught  during  the  day  are  plotted  in  Figure  3  High  conceiuiations  are 
found  near  the  surface  (up  to  v>0/n.  mi.)  and  around  the  10  m  scattering  zone  (40/n.mi.). 

Fishes  between  the  surface  and  40  m  were  predominantly  Thentgre  chalcogrammus  and 
Sebastodes  sp.  (both  with  swimbladden)  and  larval  Stichaeidae  (without  swimbladden).  These 
were  all  larval  stages  up  to  2  cm  in  length  (Table  l).  Fishes  collected  from  90  to  102  m  were  pre¬ 
dominantly  juvenile  and  adult  myctophids,  primarily  Stenobrochius  leucopsarus  (iwimbladder 
present)  and  some  juvenile  Leurogbssui  stilbt's  (swim bladder  abaent).  Below  102  m,L.  sttibka 
was  present  in  highest  numbers.  Stenobrochius  leucopsarus  was  also  collected  from  this  depth, 
though  its  occurrence  possibly  results  from  contamination.  Fish  larvae  collected  from  60  m  (the 
zone  of  high-frequency  scattering  associated  with  high  numbers  of  euphauaiids)  consisted  only  of 
Lipans  sp.,  which  have  no  swimbladden.  Only  two  specimens  were  collected  from  this  depth. 
This  might  be  a  result  of  contamination,  because  Liparis  sp.  were  also  collected  in  surface  waters. 
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RESiOoE  —  grf  nmrt.  mih 

Ft  jure  4.  Fuhei  *nd  fish  lama:  Calculated  number  per  nautical  mile  of  tow  for  three 
samplers ;  night  sene*  o!  tow*  made  during  March  30  to  April  2,  1968  (ciuisa  68/9) 

The  distribution  of  fishes  and  fish  lame  at  night  (Figurt  4)  show*  high  concentration*  be¬ 
tween  100  and  1 20  in.  The  specie*  collected  were  a^ain  primarily  5.  leucopsarus  and  L.  ititbtiu. 
The  former  was  predominant  around  100  m,  whereas  L.  trilbiui  was  generally  more  abundant  at 
a  deeper  depth. 

Concentrations  of  zooplankton  residue  from  the  Catcher  samples  were  large  in  both  the  day 
and  night  series  near  the  surface  (0  to  30  m)  and  at  the  depths  of  70  to  1 10  m.  The  major  com¬ 
ponent  in  the  residue  from  both  depth  ranges  were  copepods  less  than  0.S  an  in  length. 

Physonectid  siphonophores  were  not  found  in  any  samp.es  from  cruise  68/9.  Physonectid 
pneumatophorcs  and  nectophores,  present  sparsely  in  collections  from  other  cruises,  could  not 
be  correlated  with  any  particular  scattering  layer. 

The  results  indicate  that  the  scattering  layer  evident  at  197  kHz  during  daylight  is 
associated  with  high  concentrations  of  euphsusiids,  which  are  probably  die  primary  scatteren. 
Fish  larvae  ( Liparis  sp.)  collected  at  this  depth  have  no  swim  bladder  and  were  leas  than  0.5  cm 
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long:  thus,  they  probab’;  -;o  not  contribute  to  the  recorded  scattering.  Fishes  and  fish  schools 
bn vc  appeared  in  ♦hi'  i>.ycr  on  other  cruises,  but  were  not  prevalent  during  68/9. 

The  severing  centered  around  100  m  is  correlated  with  both  fishes  and  amphipods.  It  is  sug¬ 
gested  that  the  darker,  spotlike  traces  on  the  echograms  at  this  depth  are  from  fishes  and/or  fish 
larvae,  whereas  the  more  diffuse  scattering  may  be  from  amphipods.  Because  myctophids,  usually 
Stenobrachius  leucopsarus,  have  also  been  suggested  as  the  major  source  of  scattering  by  others 
(Barham,  1966;  Hersey  and  Backus,  1962;  Taylor,  1968;  Tucker,  1951),  it  is  probable  that  these 
fishes  are  source  of  fish  scattering  at  this  depth. 

Scattering  near  the  surface  during  the  day  may  be  caused  by  the  presence  of  fish  larvae  (many 
with  swimbladders)  or  from  large  numbers  of  copepods  (as  suggested  by  Barraclough  et  al.,  1969). 
The  near-surface  scattering  at  night  could  result  from  these  organisms  and  from  fishes;  the  major 
portion  of  the  scattering,  however,  probably  results  from  the  very  high  numbers  of  euphausiids 
that  have  migrated  into  the  upper  levels. 

SONIC-SCATTERING:  PART  TWO  (WORK  IN  PROGRESS) 

In  part  one  of  this  study  the  scattering  was  recorded  graphically  by  means  of  the  four  echo- 
sounder  systems.  Although  the  graphical  records  are  adequate  to  show  scattering-laycr  depths, 
they  do  not  enable  measurements  of  backscattering  intensities.  Variations  in  scattering  intensities 
are  recognized  only  as  darker  or  lighter  marks  on  the  recording  paper,  and  the  dynamic  range  of 
even  wet  papers  is  not  wide.  Furthermore,  attenuation  of  underwater  sound  varies  with  frequency 
and  other  factors.  The  result  is  that  records  are  uncalibrated  and  are  useful  only  for  broad,  quali¬ 
tative  comparisons  of  the  scattering  at  the  four  frequencies. 

The  second  part  of  the  study  has  been  in  progress  for  one  year.  In  this  part,  qualitative  studies 
are  being  conik sued  and  have  been  extended  to  include  quantitative  features  of  zooplanktonic 
scattering.  The  complete  echo-sounding  system  has  be-n  calibrated.  Hie  sounders  have  also  been 
modified  to  obtain  the  returning  acoustic  signal  before  it  has  been  altered  to  suit  the  require¬ 
ments  of  the  raphic  recorder.  The  signal  reflected  from  the  scattering  layers  is  rec  orued  on  mag¬ 
netic  Jape  for  analysis  in  the  laboratory.  The  total  reflected  acoustic  energy  (intensity)  will  be 
obtained  from  these  tapes  by  integrating  the  recorded  signal  over  the  thickness  of  the  layer. 

These  intensities  will  then  be  con  -  ted  mathematically  for  differences  dependent  on  frequency, 
pulse  duration,  and  beam  Angle  among  the  sounders.  The  scattering  intensities  at  the  four  fre¬ 
quencies  are  to  be  compared  and  correlated  with  the  distributions  and  abundance  of  organisms. 

Variations  in  scattering  intensity  on  a  daily  and  seasonal  basis  will  be  itudi-d  with  respect  to 
changes  in  the  composition  of  the  zoopi  anUtonic  population  at  scattering-Javer  depths.  These  var¬ 
iations  may  result  from  change*  in  species  composition,  in  the  numbers  of  one  or  more  species, 
or  in  the  size  distribution  of  species.  The  sensitive  equipment  now  being  used  for  the  recording  of 
scattering  should  enable  even  minor  fluctuations  in  one  or  more  of  these  factors  to  be  observed. 

SUMMARY 

Both  diffuse  and  fish  scattr  rinjj  have  been  recorded  from  the  near -surf ace  and  mjdwater 
depths  in  Saanich  Ink!  using  a  Rocs  echo  sounder  of  19?  kHz. 

Diffuse  scattering  near  the  surface  during  the  day  is  associated  with  collection*  of  laml  fish, 
and  copepods  less  than  0.5  cm  long. 

Deeper  fish  scattering  is  associated  with  juvenile  and/or  adult  myctophids,  primarily 
Stenobntchius  leucopsarus. 

A  midwater  diffuse  scattering  layer  recorded  during  the  day  is  correlated  with  high  numbers 
of  euphausdds  (mainly  Euphausia  pociftca)  and  few.  if  any.  fish  or  fish  larvae. 
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At  night  E,  pacific -a  tc  the  surface.  The  midwater  diffuse  scattering  laye'  ricorded 

during  the  day  also  migrates  tc  the  surface  waters  and  is  correlated  with  the  euphausad  dislri 
bution  as  well  as  with  concentrations  of  fish  larvae  and  copcpods, 

Deep,  weak,  diffuse  scattering,  both  day  and  night,  is  probably  from  moderate  numbers  of 
amphipods;  but  at  times,  scattering  from  this  depth  cannot  be  separated  from  the  fish  scattering. 
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DISCUSSION 

Raymont:  I  accept  the  fact  that  you  are  recording  euphausiids.  The  last  figure  showed  that  you 
apparently  had  some  fish  schools.  These  are  presumably  very  small  fish,  are  they  not?  If  so, 
what  are  they? 
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°! ieper  I  really  can't  tell  you  what  they  are  at  the  moment.  I  don’t  think  that  we  have  done 
?oous»h  >v.  'tk  in  the  area  to  be  able  to  tell.  One  bit  of  information  that !  can  give  you  is  that  dur¬ 
ing  one  cruise  in  Saanich,  Ed  Barraclough  collected  fishes  with  sn  otter  trawl  concurrent  with 
our  biological  sampling.  He  caught  up  to  2000  pounds  of  hake  at  a  depth  below  our  high- 
frequency  scattering  layer.  At  this  deeper  depth,  scattering  was  recorded  on  all  four  echo  sound¬ 
ers.  Also,  on  another  cruise,  unfortunately  not  the  same  one,  I  saw  large  schools  swimming  in 
and  out  of  the  high-frequency  scattering  layers  and  thought  maybe  they  were  hake.  We  were  able 
to  dip  net  and  jig  some  hake  near  the  surface  shortly  after  sunset.  I  cut  them  open  and  found  that 
the  stomachs  were  full  of  euphausiids.  Now  how  good  an  indication  this  is  you  can  determine. 

But  we  really  haven’t  done  enough  work  with  the  bigger  nets  in  trying  to  catch  the  bigger  fish 
to  be  able  to  tell  what  is  there. 

Friedl:  This  is  a  point  of  information.  Some  similar  work  using  a  100-kHz  Ross  echo  sounder  is 
being  conducted  by  the  University  of  Washington  in  Puget  Sound.  It  is  interesting  that  you  had 
variability  from  inlet  to  inlet.  Within  the  Puget  Sound  system  there  seems  to  be  month-tomonth, 
or  even  week-to-week,  variability  in  returns  presumably  caused  mainly  by  euphausiids,  and  from 
yea;  to  year  the  numbers  taken  at  a  given  location  may  vary  by  orders  of  magnitude.  Apparently, 
yearly  local  variations  in  primary  productivity,  river  runoff  and  the  like  can  greatly  influence  the 
local  populations  of  euphausiids  in  restricted  areas  such  as  Saanich  Inlet  or  Puget  Sound. 

Pieper: We  recognize  that  Saanich  Inlet  is  very  wierd.  As  I  mentioned  briefly  the  other  night,  a  re¬ 
cent  study  at  the  University  of  British  Columbia  (Gilfillan,Ph.D.  thesis,  1970)  indicates  that  the 
euphausiids  in  Saanich  are  probably  a  resident  species.  They  appear  to  “like”  the  water  that’s  in 
Saanich  better  than  the  water  you  might  find  in  the  Strait  of  Georgia,  in  Juan  de  Fuca  Strait,  or 
out  in  the  open  Pacific.  It  appears  that  the  Saanich  population  is  a  semistable  one.  It  is  true  that 
the  numbers  vary  over  the  period  of  a  year,  but  during  the  last  three  years  we’ve  been  there,  it  is 
semipredictable;  it  doesn’t  seem  to  vary  all  that  much.  It  appears  also  that  we  are  not  getting  too 
large  an  influence  due  to  outside  euphausiids  coming  in.  The  sergestids,  pasiphaeids,  lantemfish, 
and  probably  the  smelts  that  are  caught  in  Saanich  appeal'  not  to  breed  there  but  to  come  in  only 
during  certain  periods;  they  are  probably  oceanic  forms  that  have  moved  in.  Again,  Saanich  is 
rather  wierd.  It  is  nice  to  work  in,  but  we  definitely  have  to  get  out  of  there  to  make  some  gen¬ 
eral  remarks  about  the  animal  life. 

Love:  I  would  like  to  ask  Dr.  Raymont  why  he  assumed  that  they  should  be  small  fish. 

Raymont:  I  thought  we  were  talking  about  schools  here,  and  these  are  single  fish,  presumably. 

Pieper:  At  times  we  see  single  fish,  as  represented  in  these  echograms;  at  times  we  see  schools  of 
fish;  at  times  we  see  huge  echoes  that  can  completely  overwhelm  a  scattering  picture,  and  this 
will  vary  from  time  to  time.  I  think  that  when  hake  are  there  you  see  large  schools.  The  one  that 
was  represented  here  was  not  a  large  school  compared  to  some  of  the  other  ones  we  have  seen. 

We  really  do  not  have  enough  information  on  the  distribution  of  fishes;  scattering,  and  therefore 
fish  distribution  can  be  quite  variable  between  cruises. 

Love:  The  reason  I  asked  is  because  Dr.  McCartney  and  I  were  talking  at  lunchtime,  and  it  is  our 
opinion  that  a  number  of  people,  whenever  they  get  an  echo  on  an  echo  sounder  or  sonar,  feel 
that  it  has  to  be  a  resonant  scatterer.  Those  fish  would  have  to  be  very  small  to  resonate  at  200 
kHz. 


Pieper:  That  is  right. 


SO**  *  t  S'  *  t  j  t  B  i  S{ ;  :  S  S  1  '  i '  H  !  S  [  f  ' 


M  t 


Love.  And  you  can  ge t  quite  a  nice  echo  at  200  kHz  from  a  large  fish.  We  would  like  to 
emphasize  that  once  more. 

Pieper ;  Going  along  with  your  point  there  in  a  way  is  the  fact  that  the  fish  echoes  at  tne  lower 
frequencies,  especially  the  42  kHz  compared  to  the  200  kHz,  are  much,  much  stronger  when  we 
record  “planktonic”  scattering  at  equal  intensities.  Involved  in  this  is  the  fact  that  the 
eupnausiids  are  a  much  better  reflector  at  the  higher  frequencies.  In  order  to  get  the  same  type 
of  record  of  the  high-frequency  scattering  at  200  kHz,  we  don’t  have  to  look  at  the  fish  quite 
as  well. 

Love:  Even  at  42  you  would  have  a  hard  time  getting  resonance. 

Pieper:  Right.  We  are  still  high. 

Aron:  I  have  a  comment  on  Puget  Sound.  At  one  time  I  worked  there,  and  we  did  a  fair  amount 
of  midwater  trawling  throughout  the  Sound.  You  can  find  tremendous  variability  which  is 
clearly  associated  with  things  such  as  tidal  changes  or  seasonal  flushing.  In  a  place  like  Holmes 
Harbor,  for  example,  you  could  follow  the  actual  flushing  of  the  harbor  just  by  watching  the 
euphausiid  populations;  you  could  see  the  stuff  go  out.  If  you  look  particularly  at  the  work  that 
Cliff  Barnes  has  done  for  many  years  on  Puget  Sound  surveys,  you  can  get  some  appreciation  of 
the  causes  of  variability  in  the  biological  data  when  you  look  at  the  tremendous  variability  in  the 
physical  and  chemical  data.  I  do  not  know  anything  about  the  oceanography  of  Saanich,  but  I 
think  it  is  probably  not  too  different  than  places  in  the  Sound. 
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DISCUSSION 
Thursday  Evening,  2  April 

Hersey:  For  ihe  past  three  days  a  delightful  community  of  ocean  scientists  have  been  address¬ 
ing  a  very  broad  problem  of  interest  to  themselves.  It  is  also  a  problem,  in  the  long  view,  of 
great  importance  to  nations,  to  the  interests  of  groups  within  nations,  and,  of  course,  not  only 
to  the  individuals  who  are  here  but  also  to  a  very,  very  large  number  of  people  who  are  con¬ 
cerned  with  the  exploitation  of  the  sea  for  the  benefit  of  mankind. 

One  of  the  most  useful  and  effective  ways  we  have  of  sensing  the  natural  phenomena  of  the 
undersea  is  by  the  use  of  underwater  sound.  Probably  far  and  away  the  most  fascinating,  and 
in  many  ways  the  most  rewarding  and  useful  aspect  of  the  undersea,  is  the  use  of  it  by  the 
animal  kingdom,  which  is  the  concern  of  the  marine  biologist.  So  we  have  two  scientific  com¬ 
munities,  the  biologists  and,  broadly  speaking,  the  physicists,  who  are  interested  in  physical 
oceanography,  especially  that  part  of  it  which  we  call  underwater  acoustics.  A  very  special 
group  selected  from  these  two  communities  have  been  communicating  with  each  other  in  a 
very  complex  way  over  the  past  three  days  to  examine  the  manner  in  which  underwater  acous¬ 
tics  can  reveal  some  of  the  phenomena  of  life  in  the  sea  as  well  as  the  ways  in  which  the  complex 
world  of  the  animal  kingdom  in  the  undersea  affects  man’s  efforts  to  make  use  of  underwater 
acoustics  to  find  his  way  around  in  various  pursuits  in  the  sea.  I  think  that  this  is  what  we  are 
concerned  with. 

For  the  benefit  of  our  guests  who  have  not  been  aware  in  detail  of  the  way  we  have  addressed 
this  part  of  our  world,  I  would  like  to  review  a  little.  You  see  a  comparatively  small  conference 
of  people  gathered  here  tonight.  A  few  had  to  leave  this  afternoon.  I  doubt  very  much  whether 
more  than  one  or  two  people  left  before  the  end  of  our  proceedings  this  afternoon.  This,  I 
think,  represents  an  intensity  of  interest  in  the  subject.  I  am  afraid  if  we  examined  the  usual 
pattern  of  scientific  meetings  we  would  find  that  altogether  too  many  of  us  are  concerned  with 
doing  a  good  job  of  presenting  our  own  finding.  We  are  very  apt  to  slip  into  a  scientific  meeting 
within  six  or  eight  hours  before  we  are  due  to  appear  on  the  program.  I  suspect  that  more  like 
six  or  eight  minutes  after  we  have  completed  our  presentation,  we  are  very  apt  to  be  headed  for 
the  airport,  scheduled  for  our  next  concern. 

The  meeting  of  the  last  three  days  has  not  been  that  kind  of  meeting  at  ail.  Virtually  all  of 
us  arrived  here  Monday  evening  or  early  Tuesday  morning,  and  we  have  taken  part  in  listening 
to  the  findings  of  our  colleagues,  discussing  them,  poking  holes  in  them  in  some  instances, 
supporting  them  in  others  with  corroborative  evidence,  and  going  through  a  program  in  which 
we  have  examined  fi:st  of  all,  the  biological  concerns  of  the  undersea,  the  acoustical  phenomena 
that  have  been  observed  over  a  period  of  yean  that  possibly  are  a  reflection  of  biological 
activity  and,  finally,  during  this  past  day,  how  much  we  as  scientists  are  able  to  conclude  about 
the  true  nature  of  the  association  of  these  two  concerns.  So  far  as  the  world  of  practical  affain 
is  concerned,  these  are  of  great  importance  in  the  realm  of  food  production,  in  the  area  of 
fisheries.  We  can  use  underwater  sound,  as  we  and  many  nations  in  the  world  have  done,  to 
improve  fish  catching  and  the  knowledge  of  husbandry  of  the  fisheries  resources  of  the  world. 
This  obviously  will  be  a  valuable  aid  to  all  nations  and  to  all  people. 
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As  regards  the  concern  of  the  navi«r.  of  the  world.  v..~  know  that  in  ume*  of  stress  when  we 
have  to  keep  track  of  what  is  going  on  under  t.  o  sea,  in  important  element  of  the  background 
against  which  we  have  to  compete  is  the  biological  activity  of  the  undersea  and  the  effect  that 
this  has  on  the  performance  of  various  naval  systems 

In  this  particular  conference  we  have  not  attempted,  nor  shall  we  tonight  attempt,  to  address 
any  of  the  problems  of  practical  application.  We  are  concerned  here  with  the  scientific  back¬ 
ground,  and  this  leads  me  to  the  third  important  concern.  And  this  is  ail  important  concern 
more  to  the  individuals,  not  only  those  who  are  scientists  interested  in  the  natural  order,  in 
understanding  it,  and  in  being  able  to  explain  it,  but  also  to  the  very  large  number  of  people 
who,  either  as  scientists  or  as  intelligent  laymen,  are  interested  and  curious  about  the  natural 
order  and  the  mechanisms  by  which  it  operates.  All  of  these  are  important  concerns  and  have 
been  part  of  what  has  made  .his  conference  the  success  that  I  feel  it  has  been. 

Tonight  we  are  going  to  attempt,  however  effectively  this  may  be  don?,  to  review  the  high¬ 
lights  of  what  has  been  presented  over  the  last  three  days.  This  will  be  done  in  two  stages.  Our 
conference  leader,  Mr.  Brooke  Farquhar,  will  first  present  an  overall  review  of  the  conference. 

He  will  be  followed  by  the  chairmen  of  the  individual  sessions  of  the  conference  who  will 
review  in  a  general  sense  the  findings  that  have  been  presented  against  the  background  of  what 
has  previously  been  understood  in  this  field.  I  am  confident  that  the  chairmen  of  these  sessions, 
who  have  a  considerable  background  and  experience  with  this  field,  will  be  able  to  lead  those  of 
you  who  are  not  familiar  with  this  field  through  the  broad  outlines  of  its  past  so  that  by  the  end 
of  the  evening  you  will  understand  what  we  now  know  about  the  interaction  between  under¬ 
water  acoustics  and  the  biology  of  the  undersea  and  the  major  problems  which  we  will  have  to 
address  in  the  immediate  future.  The  members  of  the  conference  are  invited  to  participate  with 
the  conference  chairmen  in  discussions  of  the  various  issues  that  will  be  addressed,  but  more 
particularly,  our  guests  are  invited  to  ask  about  the  presentations  as  a  stimulus  to  this  discussion. 
Without  further  delay,  1  should  like  to  introduce  Mr.  Brooke  Farquhar  of  the  UJS.  Naval 
Oceanographic  Office,  who  has  been  our  conference  chairman. 

Farquhar:  Thank  you  very  much.  Dr.  Hersey.  In  reflecting  earlier  today  on  our  get-together 
here  at  Airlie  house  and  on  the  general  history  of  the  scattering  problem,  I  was  reminded  of  the 
jet  airliner  that  left  Kennedy  Airport  for  a  flight  across  the  Atlantic.  After  being  airborne  for 
some  time,  the  pilot  turned  the  public  address  system  on,  welcomed  the  passengers  aboard,  told 
them  to  relax  and  stated  that  dinner  would  be  served  shortly.  Then  he  said,  “I’m  afraid  that  I 
have  some  bad  news  for  you,  but  I  also  have  some  good  news.  I’ll  give  you  the  bad  news  first: 

We  are  completely  lost.  But  the  good  news  is  that  we  are  making  extremely  good  time.”  It 
seems  dear  to  me  that  we  have  shown  in  the  past  three  days  that  we  are  not  nearly  as  lost  as 
we  once  were  and  that  we  are  also  making  some  pretty  good  time.  No  one  expects  to  find  all 
the  answers  from  one  of  these  conferences,  but  we  have  found  some;  we  have  some  Ideas  about 
some  others,  and  we  have  also  defined  some  problem  areas.  One  of  the  charms  of  this  conference 
has  been  that  the  acousticians  and  the  biologists  have  come  together  to  look  at  the  problem.  The 
exchanges  on  the  floor  and  after  the  formal  sessions  have  been  gratifying  to  see.  It  is  true,  too,  that 
the  participants  have  come  from  diverse  activities  and  their  interests  represent  a  very  broad  spec¬ 
trum  of  scientific  effort. 

It  is  perhaps  obvious  to  those  of  us  in  this  community,  perhaps  not  so  obvious  to  those  out¬ 
side  of  it,  that  there  remains  no  doubt  that  the  deep  scattering  layer  phenomenon  is  caused  by  an 
assemblage  of  marine  organisms  in  the  volume  of  the  ocean.  In  addition  to  contributing  to  back- 
scattering  of  sound  energy,  they  may  also  cause  significant  attenuation  of  sound  in  certain  areas. 
We  have  seen,  too,  that  these  assemblages  of  animals  sort  themselves  out  in  different  ways  which 
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sherr  are  aJao  aco«''ic  ij»*er*ea  *teefc  rte  cho*c*  of  frequency  used  in  a  measurement 

Scattering  strength  measurements  *bove,  bev?v  ind  *t  resonance  have  dearly  shewn 
the  significance  of  scattering  strength  enhancement  and  the  importance  of  ga»-fii,«  <J 
structures  in  producing  certain  frequency,'  characteristics  of  scattering.  Siriiingjy  enough, 
gas-filled  structures,  particularly  those  carried  by  fishes  and  tiphonophores,  are  in  fact 
extremely  abundant  in  the  mesopelagic  zone  of  the  ocean,  where  the  scattering  is  centered. 
Trawling  data  from  various  regions  of  the  world  ocean  consistently  show  agreement  between 
the  depth  of  occurrence  of  some  of  these  forms  and  certain  scattering  layers.  Where  we  see 
non-inigratuiy  layers,  we  often  find  fishes  and  other  animals  which  do  not  display  a  migratory 
behavior. 

There  are  refinements  and  new  developments  and  techniques  for  measuring  the  amount  of 
backscattered  energy  from  a  piece  of  ocean  and  for  more  sophisticated  analyses  of  the  data.  I 
die  as  an  example  the  development  of  an  airborne  technique  for  acoustic  measurements  over 
broad  areas  of  the  ocean,  and  the  computerized  techniques  for  analysis  that  we  have  heard 
about.  There  is  an  indication  that  we  can  carry  the  acoustic  measurements  a  step  closer  to  a 
link-up  with  the  biologists’  net  hauls  by  developing  a  hypothetical  population  density  curve 
from  acoustic  measurements. 

We  have  seen  further  that  what  a  fish  does  or  does  not  do  to  regulate  the  gas  in  its  swim- 
bladder  may  {day  a  significant  role  in  determining  the  sorts  of  resonance  profiles  that  we  might 
expect  to  see  acoustically.  The  discussions  generated  during  the  conference  about  this  subject 
suggest  to  me  that  we  have  defined  a  problem  area  where  further  study  into  the  physiological 
and  energy  mechanisms  of  the  swimblcdder  and  of  vertical  migrations  will  contribute  signifi¬ 
cantly  to  our  understanding  of  the  complex  acoustic  features  that  we  observe. 

Finally,  when  we  look  at  the  levels  of  acoustic  backscattering  over  broad  reaches  of  the 
ocean,  we  see  patterns  of  variability  that  are  clearly  evident,  and  the  points  of  latitude  or 
longitude  where  changes  in  levels  are  pronounced  invariably  are  associated  with  observable 
changes  in  the  environment.  For  example,  we  have  seen  that  the  Gulf  Stream  is  a  definite 
boundary  across  which  changes  in  scattering  characteristics  may  occur.  Perhaps  the  most 
striking  comparison  that  we  have  seen  is  that  when  the  distributional  or  zoogeographic  charac¬ 
teristics  of  Ashes  are  examined— and  I  mean  those  fishes  which  are  the  most  likely  resonant 
scatterers-then  there  is  a  basis  for  setting  off  limits  to  their  patterns  of  occurrence.  When  we 
examine  these  regional  patterns,  we  see  that  the  boundaries  agree  very  well  with  the  regions 
of  pronounced  changes  in  acoustic  scattering  level. 

To  provide  you  now  with  a  closer  look  at  some  of  the  points  that  I  have  touched  on,  we  will 
hear  now  from  our  respective  session  chairmon.  It  is  a  great  pleasure  to  introduce  Dr.  Richard 
Backus  of  the  Woods  Hole  Oceanographic  Institution,  chairman  of  the  session  dealing  with 
biological  considerations. 

Backus:  It  is  very  stylish  nowadays  to  say  that  we  do  not  know  anything  about  this,  that,  or 
the  next  thing,  but  I  think  we  know  a  good  deal  about  this  particular  subject.  Properly,  we  have 
been  playing  in  this  no-man’s  land  between  what  is  pretty  securely  known  and  what  we  really 
do  not  know  very  much  about  at  all.  I  will  try  to  flirt  along  this  ragged  boundary  for  a  couple 
of  minutes  and  say  a  bit  about  the  things  we  talked  about  in  the  biological  session. 

First  of  all,  regarding  light,  it  is  characteristic  of  the  sound  scatterers  that  are  organized  into 
layers  in  the  upper  thousand  meters  of  the  ocean  to  make  a  diurnal  vertical  migration,  coming 
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up  ia*ird  i'nt  *ur face  *t  maht  fjvl  *ns«g  back  uio  '<fre  depths  by  <i*v.  Not  ,0  scattering  iayen 
do  this:  but  it  a  characteristic  Tais  diurnal  migririo.i  >*  obviously  light-cued  and  moreover, 
within  more  oi  Ins  but  not  quite  homefeneoui  geographical  provinces  in  the  ocean  one  tees 
variations  in  the  depths  to  layers  of  scatteren  that  are  tubliy  attuned  to  small  differences  in  the 
transparency  of  the  water;  that  is,  where  the  light  penetrates  deeper,  so  will  a  layer  of  scatteren 
lie  somewhat  deeper,  and  where  light  penetrate  less  well,  so  will  the  scatteren  not  lie  so  deep. 
Minor  perturbations  of  given  layen  and  the  correlation  of  these  with  other  physical  factors  in 
the  ocean  have  not  been  nearly  so  successful.  So  it  is  clear  that  light  is  responded  to  very 
critically  by  these  sound  scatterers,  but  exactly  how  light  levels— light  changes-  are  sensed  and 
responded  to  is  not  at  all  clear.  I  think  that  this  is  one  of  the  boundary  areas  between  what  is 
known  and  what  is  not  known.  It  is  not  certain  that  animals  migrating  upward  in  the  evening, 
for  instance,  always  stay  at  a  constant  light  level  or  whether  they  wait  until  they  ha.  e  seen  a 
particular  change  and  then  move  on  up  for  a  bit,  then  wait  until  they  see  a  certain  change  and 
move  on.  Perhaps  various  patterns  are  adhered  to.  It  is  clear,  however,  that  this  vertical  migra¬ 
tion  is  restricted  to  that  part  of  the  ocean  into  which  daylight  penetrates.  Below  about  a 
thousand  meters  in  the  ocean  no  marine  organism  can  sense  the  difference  between  night  and 
day.  Therefore  these  diurnal  vertical  responses  to  changes  in  light  are  limited  to  animals  living 
in  the  upper  thousand  meters. 

Another  important  factor  in  the  so-called  photo-environment  of  the  upper  thousand  meters 
is  not  ambient  light  but  the  light  that  marine  organisms  themselves  produce,  so-called  bio- 
luminesence  or  living  light.  It  is  surely  of  significance,  but  it  is  not  understood  why  so  many 
animals  in  the  environment  are  light  producers.  Moreover,  it  seems  that  the  animals  that 
comprise  these  layers  of  sound  scatterers  are  very  often  light  producers.  Perhaps  this  is  simply 
because  the  incidence  of  light  production  is  so  high,  but  there  may  be  a  bit  more  to  it  than  that. 

To  go  on  now  from  light  to  swimbladders,  a  very  important  part  of  the  sound  scattering 
community  is  the  marine  animal  that  encloses  a  bubble  of  gas.  That  is  straightforward  enough. 
They  scatter  sound  so  well  because  they  do  enclose  bubbles  of  gas,  and  because  a  bubble  of  gas 
differs  both  in  density  and  compressibility  from  the  surrounding  water,  it  is  a  sound  scatterer. 
7a«  awiiuuMuuci*  of  uuuwatei  fiaiu.4,  a  consideration  of  the  structure  or  ihe  distribution  of 
these  structures  among  midwater  animals,  and  the  functioning  of  this  structure  are  very 
important  matters  in  this  sound  scattering  layer  business.  The  swimbladder  in  a  midwater  fish 
is  a  hydrostatic  organ.  The  tissue  of  a  midwater  fish  is  heavier  than  the  surrounding  sea  water; 
so  to  become  essentially  weightless  in  the  water,  the  midwater  fish  encloses  a  bubble  of  gas. 

A  bubble  of  gas  is  a  rather  difficult  thing  to  manage  for  an  animal  that  moves  up  and  down  from 
several  hundred  meters  to  the  surface  and  back  each  day  because  as  the  animal  moves  up,  the 
compressing  weight  of  the  sea  water  above  the  animal  is  relieved;  the  gas  bubble  wants  to  expand. 
As  the  animal  swims  down,  of  course,  the  weight  of  water  on  the  animal  increases,  and  the 
bubble  of  gas  is  contracted  so  that  the  buoyancy  of  the  animal  is  continually  changing.  If  the 
animal  wants  to  be  buoyant  at  all  levels,  it  obviously  must  add  gas  to  or  subtract  gas  from  this 
bubble. 

Two  very  thoughtful  papers  looked  at  the  energetics  of  this  business.  The  fish  need  not,  of 
course,  remain  buoyant.  It  can  be  buoyant  at  some  level  in  the  water  column  and  swim  to 
maintain  itself  at  other  levels  So  there  are  two  strategies  that  a  migrating  fish  can  choose 
between:  It  can  choose  to  secrete  gas  into  or  take  gas  out  of  its  swimbladder  as  necessary,  and  of 
course  this  is  an  energy  consuming  process,  or  it  can  be  neutrally  buoyant  and  stay  at  one  level 
in  the  ocean  without  using  energy  and  be  heavy  at  other  levels  and  swim  to  stay  afloat.  Of  course 
swimming  is  an  energy  consuming  process.  It  seems  likely,  and  indeed  it  it  suggested  by  some 
acoustic  evidence  gained  from  watching  the  behavior  of  bubbles  in  migrating  fishes  acoustically, 
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tbit  both  p urm  ut  piaytd  On*  *ouid  hke  tv  st-tem  ’hem  §*mei  tn  other  «»?*  *nd  <j  i*< 
exactly  ho*.  they  *«  pby*  Unfortunately  1?  a  not  really  possible  at  the  moment  to  make  a 
deau  choice  between  which  /rate©1  is  more  economical  energy -wise  because  it  has  not  yet  been 
possible  to  make  the  necessary  measurement!  on  the  animals  actually  involved.  These  little 
mk* water  fishes  are  fragile  ammais  rhat  h«vt.  3c  far  der»~*  »*»e  aeuarot's  art  in  keeping  them  alive 
tong  enough  to  make  these  measurement*  Most  of  the  obsemtions  necessary  to  these  consid¬ 
erations  have  been  extrapolations  of  measurements  made  in  fishes  of  otheT  sorts,  and  fishes  are 
a  very  variable  group  of  animals. 

Another  point  that  was  well  made  during  the  session  was  the  tremendous  increase  in  our 
knowledge  of  the  behavior  of  midwater  animals  tluough  direct  observation,  something  that  all 
of  us  are  familiar  with  from  reading  the  books  or  Peebe  and  ?  couple  of  others  when  we  were 
younger  Many  more  of  us  now  get  a  chance  to  enter  directly  into  this  environment  that  we 
studied  indirectly  before.  This  is  really  an  exciting  thing,  and  one  sees  problems  that  he  had  no 
way  of  imagining  until  he  actually  went  down  there. 

Another  thing  that  I  want  to  call  attention  to  without  actually  discussing  any  results  ha.  to 
do  with  the  study  of  one  spot  in  the  ocean;  that  is,  going  back  repeatedly  to  one  spot  time  and 
again,  year  after  year,  and  season  after  season,  looking  at  its  array  of  sound  scatterers  by  towing 
nets,  and  looking  at  the  distribution  of  the  relevant  animals.  From  this  it  has  been  possible  tc 
say  a  good  deal  about  the  animals  actually  involved  in  the  sound  scattering  layers,  but  more 
important  is  the  point  that  here  a  good  deal  of  energy  is  focused  on  understanding  one  spot  in 
the  ocean  over  a  long  period  of  time. 

Deep  scattering  layers  are  very  important  as  stirrers  of  energy  downward  into  the  ocean  by 
their  vertical  migrations.  Although  it  is  not  generally  agreed  upon  why  animals  undertake  these 
elaborate  migrations,  it  is  apparent  that  many  of  them  feed  in  the  upper  part  of  the  ocean  and 
carry  this  food  downward  into  the  ocean.  All  of  us  depend  upon  the  sun  and  the  fixation  of  the 
sun’s  energy  by  plants  for  our  energy.  This  is  true  of  all  things  that  live  in  the  ocean.  The 
photosynthetic  process  is  limited  to  the  upper  100  meters  or  so  of  the  ocean  where  enough  light 
penetrates  to  let  this  process  go  on.  The  principal  plants  of  the  ocean  are  microscopic  ones  which 
*»e  fsd  upon  by  tiny  animals.  These  tiny  animals  are  fed  upon  by  larger  animals,  and  so  on, 
up  this  familiar  chain -or  because  it’s  more  complicated  than  a  chain,  a  web-to  the  largest 
animals  of  the  ocean. 

Another  sort  of  food  chain  in  the  ocean  was  discussed  in  two  papers  in  the  oiolcgiral  session. 
Though  ultimately  traceable  to  the  sun  through  the  plants  of  the  upper  pert  of  the  ocean,  it 
does  work  in  a  somewhat  different  way  than  the  well  understood  chain  that  I  have  just  men¬ 
tioned.  That  la,  finely  divided  particulate  organic  material,  the  remains  of  dead  plants  and 
animats,  and  even  more  wondrouaiy  to  me,  dissolved  organic  material-that  is,  the  dissolved 
remains  of  once  living  things  -it  appear;  Is  somehow  utilized  in  the  deep  waters  of  the  ocean  by 
microscopic  organisms.  These  organisms  are  fed  upon  by  larger  organisms,  to  be  fed  upon  by 
still  larger  ones,  etc.  It  appears  that  this  does  indeed  happen,  but  the  nature  of  these  very  small 
organisms  which  utilize  the  fine  particulate  and  dissolved  organic  material  anc  the  nature  of  the 
process  by  which  these  «re  used  by  other  animals  are  atm  not  known.  This  to  me  is  ont  of  the 
most  fascinating  problems  yet  to  be  investigated  in  the  deep  ocean. 

Finally,  dividing  up  this  open  ocean  realm,  which  looks  to  the  uninitiated  perhaps  as  a  watery 
place  where  one  gallon  or  acre  looks  very  much  like  the  next,  is  an  exciting  game  that  received 
tome  attention  during  this  meeting.  That  is,  all  parts  of  the  deep  ocean  are  not  alike,  and  how 
to  usefully  divide  them  geographically  or  ecologically  into  their  constituent  animal  communities 
is  another  thing  that  we  discussed. 
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Vinokur  it  was  jugpwted  during  the  biology  season,  and  i  think  quite  clearly,  that  the  ocean 
can  be  divided  into  oceanographic  provinces  it  wai  brought  out  further  during  the  acoustic 
session  that  these  oceanographic  provinces  and  their  boundaries  bear  a  very  distinct  relationship 
to  some  observed  and  predicted  geographic  variations  in  biological  scattering.  By  the  vr~.  ety  of 
papers  presented  and  the  diverse  locations  in  which  reported  research  investigations  were  con¬ 
ducted,  we  have  seen  from  the  results  reported  that  a  significant  amount  of  acoustic  information 
providing  extended  geographic  coverage  is  beginning  to  be  amassed;  however,  much  laboratory 
and  Held  work  remains  to  be  done  to  fully  understand  scattering  strength  patterns.  Experimental 
scattering  strength  measurements  have  been  made  in  the  North  Atlantic  Ocean  toward  the 
Norwegian  Sea,  across  the  Atlantic  to  the  Azores,  and  in  the  western  North  Atlantic.  Recent 
measurements  have  extended  the  geographic  coverage  to  include  the  Mediterranean  Sea,  the 
South  Atlantic  Ocean  along  the  coas.  of  South  America,  and  the  eastern  Pacific  Ocean.  The 
experimental  measurements  have  been  conducted  using  a  variety  of  measurement  techniques  at 
a  number  of  different  frequencies.  Measurement  techniques  include  the  use  of  explosive  sound 
sources  in  conjunction  with  shipboard  and  airborne  methods  to  provide  data  on  the  scattering 
strength  of  the  water  column,  downward  looking  echoaounders  operated  at  a  number  of  discrete 
frequencies,  and  upward-looking  directional  transducers  located  on  the  sea  floor  and  trained 
toward  the  scattering  layer.  All  of  these  techniques  have  their  advantages  and  disadvantages, 
but  all  provide  new  and  needed  information  on  the  acoustic  properties  of  scattering  layers. 

With  the  use  of  various  measurement  systems  and  techniques  available  for  a  wide  range  of 
frequencies,  from  about  1  to  200  kHz,  sound  scattering  and  reflection  from  individual  fish  or  fish 
schools  is  always  observed  over  this  broad  frequency  range.  Resonant  scattering  has  been  dearly 
observed  and  identified  within  the  range  of  frequencies  from  1  to  20  kHz,  particularly  with  the 
use  of  broadband  explosive  sound  sources.  Although  measurements  have  been  made  over  this 
v««  y  broad  range  of  frequencies,  the  acoustic  results  presented  during  this  Symposium  do  suggest 
that  additional  frequency  coverage  is  needed ;  particularly  at  the  lower  frequencies  below  1  kHz, 
and  even  at  the  higher  frequencies  to  fill  in  gaps  between  the  frequency  limitations  inherent  in 
the  variety  of  transducers  and  systems  used  to  make  measurement*. 

It  was  dearly  brought  out  during  the  Symposium  that  an  acoustic  effect  resulting  from  the  pres¬ 
ence  of  marine  organisms  is  backscattering  or  reverberation;  however,  there  is  another  effect, 
particularly  in  shallow  water,  that  may  be  important  in  ooe-way  propagation.  Definite  diurnal 
and  seasonal  propagation  effects  resulting  from  the  presence  of  swbnbtadder-bcaring  fishes  have 
been  observed  during  shallow  water  studies.  A  number  of  definite  propagation  loss  patterns 
(lave  been  ss«ori***d  with  attenuation  effects  due  to  the  nnuntce  of  fish  in  shalkrr  rctcr- 

The  observation  that  Dt .  Beck  us  nude  about  the  need  for  ts  intensive  study  of  an  ares  to 
understand  its  biological  characteristics  applies  equally  well  to  the  acoustic  aspect  of  the  prob¬ 
lem.  There  is  a  very  definite  need  for  this  kind  of  study,  hut  the  study  should  be  multi- 
diadpUruury  In  character  so  that  ws  can  understand  not  only  the  biology  of  sound  scattering 
layers  but,  equally  as  important,  the  acoustic  crursctsristics  associated  with  these  layers. 

The  acoustic  scattering  data  presented  showed  that  very  definite  diurnal  variations  exist. 

Time  variations  of  the  order  of  hours  tie  observed  during  sunrise  and  sunset.  Some  of  the 
biological  data  suggest  very  definite  seasons!  acoustic  variations  should  also  be  observed. 

However,  we  do  need  to  devote  our  energies  to  studying  these  seasonal  dependences. 

It  was  interred  from  the  acoustic  results  that  tbs  biological  population  required  to  produce 
some  of  the  acatterfa*  strengths  observed  is  not  greet  The  densities  of  potential  acaOerert  required 
to  produce  observed  scattering  strengths  varied  from  the  order  of  I0-*  fish  par  cubic  meter  to 


about  50  ‘ ,  o»  that  only  one  fiih  per  mdiioe  cubic  meten  m*.  oc  luff's.  w  produce  %<->me 

of  nft*  rdMerved  •c*umnj  ieveU 

Ir  addition  to  field  measurements.  some  iaborsiory  experiments  have  been  made  ur,  under¬ 
hand  and  define  further  the  reaontm  frequencies  c>'  some  fishes,  both  shallow  water  and  deep 
water  species  There  is  certainly  a  need  for  this  kind  of  work  to  be  continued,  jo  that  the 
resonant  frequencies  associated  with  the  fiah  being  caught  in  "  'sttenng  layers  can  be  accurately 
defined.  These  experiments  couid  also  provide  u»  with  experim;  •'  u  evidence  to  define  the 
sxact  mechanism  or  physiological  process  taking  place  within  tho  ud>  when  it  is  migrating.  In 
addition,  acoustic  results  gained  with  use  of  broadband  sources  will  help  to  understand  further 
the  problem  of  tracing  layers  and  layer  migrations.  I  believe  information  of  this  type  will 
provide  further  evidence  for  the  kind  of  physiological  process  that  occurs  within  the  fish  as  it 
ascends  and  descends  during  the  day. 

The  «?*e  of  a  single  source  does  not  provide  information  on  all  of  the  scattering  layers  present. 
For  example  the  use  of  a  1 2-kHz  echosounder  provides  evidence  that  there  are  1 2-kHz  scattering 
layers.  Obviously,  other  discrete  frequency  measurements  have  provided  ample  evidence  of  the 
presence  of  sound  scattering  laye.s  at  the  source  frequencies;  however,  1  suggest  the  use  of 
broadband  systems  which  would  enable  the  investigator  to  determine  the  acoustic  characteristics 
of  scattering  layers  over  a  broad  frequency  range  and  at  the  same  time  delineate  the  distribution 
of  these  layers  to  permit  the  biologist  to  sample  them.  Certainly  I  think  that  we  should  get  away 
from  relying  on  the  12 -kHz  echosounder  as  the  means  for  locating  scattering  layers.  I  recognize 
its  convenience  and  the  convenience  of  a  number  of  other  fisheries  and  standard  commercial 
echosounders,  but  1  believe  there  is  a  need  to  employ  other  systems,  whether  they  be  discrete 
frequency  or  broadband. 

1  have  asked  some  of  the  authors  to  provide  me  with  figures  from  their  papers  to  further 
amplify  the  above  remarks  in  order  to  summarize  the  acoustic  session.  If  there  are  any  questions, 
I  am  sure  the  authors  can  provide  the  answers  at  the  end  of  the  session. 

Figure  1  shows  the  measurement  geometry  for  the  collection  of  scattering  data  at  sea  using 
explosive  round  sources.  An  explosive  source  is  shown  bung  used  with  an  omnidirectional  hydro¬ 
phone.  This  type  of  measurement  provxiea  the  scattering  strength  cf  the  water  column  or  the  inte¬ 
grated  scattering  strength.  By  using  a  directional  downward-looking  receiver  with  the  explosive 
source  as  shown  it  is  possible  to  determine  the  depth  of  the  sound  scattering  layers  and  the  scatter¬ 
ing  strength  as  a  function  of  depth.  An  upward-looking  transducer  used  in  some  investigations 
can  be  located  on  the  bottom  in  shallow  water  or  at  some  srud-  water  depth  in  deeper  water  and 
permits  an  acoustic  description  of  the  scattering  near  the  surface  that  is  sometimes  lacking  in 
other  measurements. 

Figure  2  shows  another  technique  that  has  been  utilized  for  acoustic  measurements,  the  use 
of  an  aircraft  and  sonobuov*.  The  obvious  utility  of  an  aircraft  Is  in  providing  rapid  geographic 
coverage  and  In  being  able  to  collect  quasi-synoptic  data,  or  with  a  number  of  aircraft,  synoptic 
data. 

Figure  3  it  a  representation  of  the  broadband  scattering  strength  over  the  frequency  range 
from  0.1  to  20  kHz  that  is  typical  of  data  coftected  with  explosive  sources.  There  is  a  sharp  reso¬ 
nant  peak  fbr  these  data  at  5  to  6.3  kHz,  and  a  possible  indication  of  one  at  20  kHz.  There  is  a 
rapid  increase  in  scattering  strength  with  increasing  frequency  in  the  lower  frequencies;  moot 
instance  there  is  a  reverse  treed  at  the  lower  frequence  i,  »**g  the  seed  for  data  at 

lower  frequencies  to  determine  the  exact  dependence .  Some  of  the  experimental  laboratory 
measurements  made  oa  fiah  reported  during  this  Symposium,  reveal  raaoaancat  at  200*300  Hz. 
which  would  suggest  a  poes&te  low-frequency  resonant  peak.  Deu  of  the  type  shown  are  pro¬ 
viding  us  with  an  understanding  of  seme  of  the  frequency  effects  over  this  frequency  range  in 
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Figure  3 

The  data  in  Figure  4  illustrate  the  utility  of  airborne  reverberation  measurements.  The  data 
shown  were  collected  during  a  single  day.  The  contoured  acoustic  values  indicate  that  scattering 
strengths  can  change  very  rapidly  over  relatively  short  distances.  These  data  were  collected  near 
the  Gulf  Stream,  and  it  was  brought  out  quite  well  in  the  discussions  that  reverberation  is  quite 
variable  in  this  region  and  not  very  well  understood  around  the  boundary  and  in  the  Gulf 
Stream.  The  contours  also  show  a  varying  frequency  dependence,  as  the  patterns  change  with 
frequency. 

Figure  5  presents  integrated  scattering  strength  data  from  the  North  Pacific  Ocean.  They 
show,  .or  the  Pacific  Ocean,  a  pattern  similar  to  the  North  Atlantic  Ocean,  where  an  increase 
in  scattering  st  ength  with  latitude  is  observed  (Figure  6).  In  this  case  the  diurnal  variation  is 
not  as  great  ?  *  in  the  North  Atlantic  as  was  shewn  by  Bob  Chapman  in  his  paper,  but  this  may 
result  from  the  way  the  data  were  collected,  since  it  was  not  possible  to  collect  day-night  data 
aithcs-m  location. 

Figure  6  in  a  sense  delineates  acoustic  provinces,  or  suggestions  of  acoustic  provinces.  The 
darker  lines  are  oceanographic  boundaries.  Hie  data  along  the  longitude  between  Puerto  Rico 
and  Nova  Scotia  indicate  that  the  scattering  strength  is  increasing,  and  an  oceanographic 
boundary  is  seen  to  coincide  with  a  sharp  change  in  scattering  strength  near  Bermuda.  A 
decrease  in  scattering  is  seen  toward  the  Azores,  and  suggest8 ,  related  to  the  biological  evidence 
presented  earlier,  that  there  are  definite  interrelationships  between  water  masses,  changes  in 
species  composition  and  variations  in  acoustic  characteristics. 
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Figure  6 


Figure  7  shows  the  results  of  measurements  made  with  broadband  explosive  sources,  but 
using  a  directional  receiver.  They  point  out  the  need  and  advantage  of  using  a  variety  of  echo- 
sounders  or  broadband  sources  to  define  scattering  layer  profiles.  The  profiles  shown  are  from 
the  Pacific  near  the  mouth  of  the  Columbia  River.  In  the  octave  band  from  1 .6  to  3.2  kHz  there 
is  a  rather  deep  scattering  layer  at  1000  meters,  whereas  at  the  higher  frequencies  (6.4  to  12.8 
kHz  band),  that  scattering  layer  has  disappeared.  Towards  the  south,  the  deeper  low-frequency 
scattering  layer  is  still  observed  and  there  is  an  indication  of  a  higher  frequency  layer  forming. 
Continuing  farther  south,  the  low-frequency  layer  has  disappeared,  and  now  a  high  frequency 
layer  is  observed.  With  a  12-kHz  echosounder  these  frequency-dependent  depth  variations 
obviously  would  have  been  missed  completely. 
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The  experimental  data  shown  in  Figure  8  are  the  results  of  detailed  laboratory  studies  involv¬ 
ing  measurements  of  live  fish.  The  curves  show  the  resonant  frequency  for  a  live  anchovy,  and 
for  the  swimbladder  alone  when  removed  from  the  anchovy.  The  resonant  frequency  is  seen  at 
about  1 .3  kHz.  The  data  also  indicate  the  effect  of  the  fish  tissue  surrounding  the  swimbladder  and 
the  damping  resulting  from  the  presence  of  this  fish  tissue.  It  can  be  seen  that  with  the  bladder 
removed  the  resonant  effect  is  much  sharper  and  the  scattering  is  significantly  greater  than 
from  the  fish  itself.  Other  experimental  results  presented  during  the  Symposium  have  shown 
resonant  frequencies  as  low  as  200  Hz  on  some  of  the  larger  fishes  that  were  tested. 


Figure  9  shows  the  pressure  effect  which  is  related  to  scattering  from  swimbladdcr-bearing 
fish.  It  shows  the  theoretically  predicted  result  that  as  the  pressure  increases,  the  resonant 
frequency  of  the  fish  increases.  It  is  measurements  such  as  these,  as  well  as  at-sea  experimental 
data,  which  I  believe  can  provide  insight  into  understanding  swimbladder  physiology. 

During  the  Symposium  we  discussed  not  only  resonant  scattering  but  also  the  reflection  of 
sound  from  the  fish.  The  curve  in  Figure  10  shows  a  computed  resonant  peak  and  curvet  deter¬ 
mined  from  empirical  equations  that  enable  one  to  predict  the  target  strength  of  fish  both  for 
their  side  and  dorsal  aspect.  The  curve  shows  that  for  a  given  frequency  as  the  size  of  the  fish 
increases,  its  ability  to  reflect  sound  is  increasing.  In  addition,  the  curvet  show  that  the  side- 
aspect  target  strength  of  an  individual  fish  is  greater  than  its  dorsal-aspect  target  strength. 

Figure  1 1  illustrates  the  effect  that  fish  populations  can  have  on  propagation  leas.  A  number  of 
propagation  loss/attenuation  time  patterns  have  been  identified  aa  a  result  of  measurements  made 
in  shallow  water,  showing  that  fish  attenuation  effects  are  somewhat  complex.  The  apparent 
presence  of  swimbladder -bearing  fish  results  in  a  number  of  interesting  acoustic  patterns.  In  the 
upper  trace  there  is  an  abrupt  increase  in  the  propagation  loas  at  sunset  and  than  a  recovery  and 
a  leveling  off.  Again  at  sunrise  we  see  an  abrupt  increase  and  then  leveling  off  again.  Another 
pattern  observed  was  the  "bowl”  pattern,  where  then  is  a  gradual  change  ih  the  propagation 


626 


DISCUSSION 


loss  as  it  increases,  and  then  decreases  toward  sunrise.  A  reverse  trend  to  this  previous  one  has 
also  been  observed.  Another  trend  is  a  gradual  decrease  in  the  propagation  loss  and  then  an 
abrupt  change,  leveling  off,  and  then  an  abrupt  change.  There  are  also  sawtooth  and  somewhat 
complicated  patterns.  The  results  of  these  measurements  suggest  that  our  understanding  of 
propagation  in  shallow  water  is  perhaps  not  as  complete  as  we  thought  in  that  we  are  neglecting 
the  presence  of  marine  organisms,  and  that  we  should  perhaps  seriously  consider  them  in  the 
development  of  shallow  water  propagation  models. 

Farquhar:  For  today’s  joint  session  we  had  as  co-chairmen  Dr.  Eric  G.  Barham  and  Mr.  William 
E.  Batzler  from  the  Naval  Undersea  Center. 

Barham:  We  have  certainly  come  a  very  long  way  in  the  last  fifteen  years.  I  am  speaking  for  the 
biologists  now.  Shortly  after  World  War  11  the  knowledge  that  we  had  of  biological  scatterers 
could  not  have  been  based  on  more  than  200  net  hauls  that  were  specifically  designed  to  sample 
these  strata.  Very  fev.'  at  X  couelaicu  with  even  the  crudest  kinds  of  echosounder  records  that 
we  got  in  those  days.  Now  we  see  the  biologists  coming  to  grips  with  the  terrible  problem  that 
they  have  in  sampling  this  vast  environment.  There  is  a  terrible  sampling  problem  over  the 
amazing  array  of  animal  sizes  and  their  ability  to  avoid  nets.  We  have  seen  some  really  beautiful 
systems  that  are  now  in  use.  There  has  been  a  tendency  along  this  line  to  particulate  out.  1 
think  that  there  are  almost  as  many  nets  as  there  are  biologists,  really.  Perhaps  this  is  for  the 
good. 

From  the  acoustic  side  of  the  question,  I  think  it  is  very  rewarding  that  acousticians  are 
interested  in  the  causes  of  the  signals  that  they  have  been  measuring  for  a  number  of  years.  I 
do  not  really  think  that  was  prevalent  fifteen  years  ago.  I  think  it  was  a  phenomenon  that 
acousticians  studied  for  its  own  sake.  I  think  that  now  there  is  a  general  sensitivity  and  feeling 
of  interest  on  the  part  of  acousticians  that  these  are  fascinating  animals  and  we  should  learn 
more  of  them.  This  is  one  of  the  most  rewarding  things,  that  we  do  have  a  community,  we  do 
have  a  mutuality  of  interests.  We  see  a  breakdown  on  the  part  of  our  loyalties  to  traditional 
disciplines.  We  see  an  approach  toward  problem  solving  that  cuts  across  these  hide-bound  lines 
that  we  so  frequently  hive  had  drawn  for  us.  That  to  me  is  the  most  joyful  part  of  this  very 
happy  occasion. 

We  certainly  had  other  very  important  things  pointed  out  to  us  in  today’s  session.  One 
of  the  most  revealing  is  the  fact  that  there  is  an  area  in  the  ocean,  perhaps  the  most  accessible 
area,  the  shallow  waters  above  the  thermodine,  that  we  have  pretty  much  darn  well  avoided  and 
that  is  chuck  full  of  extremely  strong  targets.  This  is  an  area  that  we  should  pay  a  little  more 
attention  to. 

I  would  like  to  introduce  my  co-chairman,  Mr.  William  Batzler. 

Batzler:  When  I  tell  you  that  I’ve  been  interested  in  the  deep  scattering  layer  for  twenty-five 
yean,  maybe  1  should  have  tottered  up  here.  I  certainly  am  not  very  proud  or  very  happy  about 
that  fact  because  I  think  this  symposium  has  told  me  better  than  rnything  I  have  experienced 
if  I  did  not  know  it  before,  that  it  is  long  pest  the  time  that  I  should  have  gotten  on  the  ball. 

But  I  must  say  this.  As  interested  as  I  have  been  in  the  deep  scattering  layer,  1  have  been  shunted 
off  onto  other  things.  I  blame  myself.  I  have  not  sold  the  importance  of  it.  But  sometimes  I 
have  not  hid  it  sold  for  me  when  I  think  it  should  have  been.  I  have  very  strong  feelings  that 
the  acousticians  have  not  in  the  past  cooperated  or  recognized  the  need  for  cooperation  with  the 
biologists.  We  have  had  demonstrated  in  the  last  several  days  that  there  are  other  disciplines  that 
could  be  very  helpful  to  us  if  we  were  not  so  blind  and  would  see  that  other  people  are  doing 
things  that  would  be  of  help  to  us.  I  cannot  help  remark  that  when  I  came  to  NEL  after  World 
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War  II,  there  was  still  a  lot  of  reverberation  data  around,  and  most  of  these  data  were  on  35 
millimeter  film.  I  know  many  people  who  have  thicker  and  thicker  eyeglasses  because  they  read 
that  data,  not  with  a  viewer  that  magnified  it  but  by  brute  force.  We  have  done  many  other 
things  by  brute  force.  We  are  still  doing  some  of  them  by  brute  force,  and  I  think  we  are 
impressed  in  this  meeting  with  what  £ric  and  other  people  have  mentioned:  There  are  better 
and  faster  ways  of  doing  some  of  these  things.  I  think  there  again  we  are  impressed  with  the 
fact  that  we  better  get  on  the  ball.  I  think  that  this  is  one  of  the  important  things  that  has  come 
out  of  the  meeting.  We  have  seen  what  other  people  have  been  able  to  do.  We  have  seen  what 
real-time  analysis  on  board  ship  is  able  to  do.  This  has  been  very  worthwhile  for  us. 

I  will  mention  just  ore  other  point  which  has  also  been  touched  on.  The  interest  in  the  deep 
scattering  layer  is  certainly  worldwide,  and  this  is  evidence  enough  that  it  is  not  only  interesting 
but  it  is  important.  It  is  not  only  worldwide,  but  it  seems  as  though  the  disciplines  involved  are 
many  and  varied  and  are  quite  important  to  use. 

A  final  word,  and  I  guess  it  is  emphasis.  I  think  that  many  of  us  are  still  not  cooperating  the 
way  we  should.  Acousticians  are  not  being  given  the  chance  to  cooperate  with  the  biologists. 
They  are  no!  liking  advantage  of  the  opportv****!??.  I  have  some  examples  right  next  door,  and 
I  hope  we  can  do  something  about  this. 

Barham:  I  have  gently  criticized  the  acousticians  in  all  good  faith,  and  I  think  that  1  would  like 
to  criticize  the  biologists  just  a  little.  I  think  that  in  the  beginning  there  was  i.  natural  tendency 
for  what  we  call  the  friends  of  the  euphausiids,  the  friends  of  the  myctophids,  or  the  friends  of 
the  physonects  to  enter  into  the  identification  of  causative  organisms.  In  other  words,  we  tended 
again  to  follow  our  loyalties  very  closely  to  certain  groups  of  organisms,  and  I  think  this  is 
being  overcome.  This  is  good,  because  we  are  dealing  with  complex  populations,  and  we  must 
consider  them  as  populations  instead  of  taxa  of  particular  major  groups. 

I  would  also  say  one  more  thing.  I  think  that  deep  submergence  vehicles  or  in  situ  obser¬ 
vations  are  coming  of  age.  They  exemplify  another  sampling  technique.  More  and  more  we  will 
put  these  vehicles  to  exceedingly  good  use  in  this  fascinating  subject. 

Heney:  I  have  been  listening  and  waiting  for  one  aspect  of  our  meeting  to  emerge.  1  do  not 
know  how  much  of  this  1  imagined,  how  much  of  it  I  have  heard.  Maybe  some  others  will  have  a 
chance  to  help  me.  You  biologists  may  want  to  turn  off  at  this  point  because  this  will  be  an 
acoustician  talking.  I’m  going  to  draw  a  graph,  and  you  may  not  all  agree  with  my  graph.  The 
abscissa  of  my  graph  will  be  the  logarithm  of  the  frequency  expressed  in  Hertz.  One  Hertz  there, 
and  10  Hertz  here.  Now  you  have  heard  nothing  at  all  in  the  last  few  days  about  one  hundred 
Hertz  here,  and  still  not  much  action  at  a  thousand  Hertz  here,  and  now  this  should  begin  to  be 
somewhat  familiar;  ten  thousand  Hertz  there,  and  a  hundred  thousand  Hertz  then.  I  think 
that  by  this  time  it  will  be  evident  that  this  frequency  range,  a  thousand  to  a  hundred  thousand 
Hertz  encompasses  everything  we  have  discussed  in  the  acoustics  spectrum  over  the  oat  three 
days.  1  would  put  s  million  Hertz  here  if  the  blackboard  were  not  so  smell,  and  teiHttfflion, 
etc.  Now  what  do  we  know,  just  thinking  in  these  dimeaskma,  about  the  way  sound  behaves 
atses? 

Before  1  can  proceed  I  must  confess  I  feel  very  guilty  at  this  point  that  we  have  not  reafiy 
provided  an  appropriate  introduction  to  the  subject  for  our  guests  tMa  tearing.  I  do  not  mean 
to  embarrass  anyone  by  pointing  out  this  fact,  but  our  guest  who  represents  Germany  tela  ms 
that  we  did  not  really  help  him  very  much  to  understand  what  we  were  goin|  to  be  taldai  about 
this  evening.  So  let  me  go  bade  a  little  and  say  that  all  our  remarks  this  averring  are  addreswd  to 
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exploring  the  ocean  by  means  of  emitting  a  pulse  of  souad  into  the  water  and  then  listening  in 
one  way  or  another  to  the  echoes  that  come  back.  An  outstanding  characteristic  of  this  experi¬ 
ment  is  that  one  does  hear  echoes  that  apparently  come  from  the  region  between  the  surface 
and  about  1000  meters.  Most  of  what  we  hear  is  in  that  depth  range,  but  net  entirely  confined 
to  it.  Furthermore,  most  of  the  echoes  we  have  studied  in  any  organized  way  are  found  in  the 
acoustic  spectrum  between  roughly  SO  Hertz  and  what  is  just  off  the  blackboard,  roughly 
200,000  Hertz.  So  our  knowledge  in  the  kinds  of  things  we  have  been  talking  about  in  the  last 
few  days  lies  between  these  extremes.  A  very  large  part  of  our  concern  with  the  oceans  and  with 
the  world  lies  to  the  right  of  a  vertical  line  at  1000  Hertz.  However,  thera  are  some  other 
suggestions. 

The  geophysicists  who  explore  for  oil  nave  been  interested  and  perspicacious  enough,  to 
notice  that  when  they  send  sound  pulses  through  the  water,  in  the  frequency  decade  10  to 
100  Hertz,  they  get  echoes  back  from  something  within  the  water.  They  have  published  one 
or  two  papers  about  this  experience.  On  that  basis  we  know  a  little  about  that  part  of  the 
spectrum.  There  are  echoes  coming  back  from  something  in  the  water  in  the  general  region  of 
30, 40,  or  50  Hz.  I  have  not  heard  a  thing  about  that  in  the  last  few  days.  But  this  is  an  area 
where  positive  indications  have  been  obtained  in  the  past,  mostly  schools  of  small  fish. 

Brian  McCartney  and  others  at  this  *;-ve  reported  cn  measurement#  of  resonance 

in  scatterers  in  the  region  between  1  and  6  kilohertz,  addressing  the  important  problem  of 
tracing  commercial  fishes,  that  is,  fish  that  are  large  enough  to  be  of  interest  to  catch.  We  are 
making  little  inroads  into  the  part  of  the  spectrum  from  1  to,  say,  6  or  7  kHz,  and  we  have  had 
one  instrument  emerge  in  the  last  several  yeart  which  operates  in  the  general  region  of  3  or 
4  kHz.  We  have  heard  very  little  about  the  instrument,  but  nevertheless,  it  does  reveal  some 
scatterers.  The  Norwegians  have  produced  a  very  successful  echosounder  which  has  been  alluded 
to  here  indirectly.  Paul  Smith  reported  on  the  Simrad  equipment  of  the  fisheries  people.  Then 
very,  very  close  to  the  1 1  kHz  region  - 1  can’t  really  distinguish  it  on  the  blackboard  -  is  our 
own  equipment  built  originally  by  the  Edo  Corporation  and  uaed  by  everybody  with  various 
modifications,  various  recorders  attached  to  it,  so  that  we  have  done  a  great  deal  of  looking  at 
the  oceans  in  that  narrow  window.  1  am  very  much  heartened  to  see  that  a  fair  bit  of  work  has 
been  done  in  a  thin  line  at  30  kHz,  another  one  in  the  general  area  of  38-40  kHz,  100  kHz,  and 
then  this  line  that  1  cannot  draw,  out  here  at  200  kHz.  When  we  look  at  this  whole  broad  region, 
we  have  done  something  in  the  way  of  looking  at  our  world  over  this  frequency  span.  Now  the 
significance  of  this,  which  is  not  lost  on  any  of  us,  is  that  the  frequency  of  the  sound,  inversely 
related  to  the  wave  length,  is  related  vaguely  to  the  scales  of  size  in  the  animal  kingdom  or  the 
natural  order  that  we  are  capable  of  examining.  We  lave  mainly  looked  up  here  at  the  smell 
•nimala,  fascinating  groups  whose  world  controls  that  of  the  huger  animals  in  many  wap.  But 
nevertheless  a  great  deal  of  concern  for  us,  both  in  fisheries,  defense  problems  and  elsewhere 
will  be  down  in  this  region  below  1  or  2  kilohertz.  Since  this  bed  not  been  reviewed  in  rids 
manner  in  the  course  of  the  sympoeium,  1  felt  that  It  was  weD  worthwhile  to  just  bade  off  and 
think  about  what  faces  us  in  the  ftiture.  There  are  some  exciting  problems  remaining  certainly 
in  this  higher  pert  of  the  spectrum,  but  a  terrific  challenge  also  facet  us  here  below  2  kSobert*. 
Lest  it  not  be  said  at  all,  the  pert  of  the  blackboard  that  does  not  exist  did  not  have  one  single 
report  about  500  kHz  or  1000  kHz  or  1 0,000  kHz,  and  yet  we  dsould  be  load  on  by  the  poert- 
bility  of  rewarding  discovery  there. 

When  we  first  started  looking  at  the  echoes  that  came  from  sound  scatters**  in  the  seas,  a 
number  of  biologists  were  fresh  from  research  of  the  1930*1  in  which  it  had  been  demonstrated 
that  the  small  crustaceans  performed  some  sort  of  dfcanai  alyatioc.  In  fact,  it  had  bees  pretty 
well  worked  out.  I  cannot  speak  profeariooafiy  about  this,  but  it  arm  known  that  copepodi 
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migrated.  It  was  also  known  that  euphausiids  migrated.  When  we  were  aware  of  the  diurnal 
migration  of  the  deep  scattering  layer,  I  think  a  ve._  quick  reaction  was,  “No,  this  just  couldn’t 
have  been  copepods,  They’re  just  too  small.”  But  it  could  have  been  enphausiids.  We  examined 
that  hypothesis,  I  am  afraid  not  very  thoroughly,  certainly  not  compared  with  some  of  the 
beautiful  things  that  have  been  reported  in  the  last  few  days.  But  nevertheless,  we  did  examine 
them.  Now  after  twenty  or  twenty-five  years  of  aging  in  the  wood  and  also  twenty  to  twenty- 
five  years  of  having  bright  people  being  trained  and  becoming  interested  in  this  problem,  we  have 
appreciated  that  the  thing  to  do  was  to  examine  what  we  could  do  at  these  higher  frequencies. 

It  was  then  that  we  discovered  that  we  couid  find  the  euphausiid*. 

One  of  the  handsomer  experiments  that  has  been  reported  here  goe3  a  little  bit  like  this. 

It  is  the  easiest  thing  in  the  world  to  get  an  echo  from  an  assemblage  of  something  or  other  in 
the  sea,  that  will  return  this  echo  time  after  time  after  time  as  a  ship  proceeds  over  the  surface 
of  the  sea.  This  repeated  echo  formed  what  we  called  scattering  tftat  appeared  to  come  from 
more  or  less  uniform  depths  wherever  we  observed  it;  so  we  call  it  a  layer.  To  go  to  that  depth 
and  identify  what  is  there,  what  is  returning  the  echo,  has  turned  out  to  be  an  extremely 
difficult  thing  to  do  experimentally,  obsemtionally.  One  of  our  younger  scientists  reported 
to  us  today  that  h*  had  done  the  rather  obvious  (obvious  now,  obvious  since  about  three 
o’clock  this  afternoon)  experiment  of  introducing  into  the  water  the  kind  of  material  that  he 
hypothesized  might  hive  been  the  cause  of  a  scattering  layer.  He  demonstrated  that  when  you 
introduced  that  materia]  in  the  water,  it  did  indeed  return  the  same  kind  of  an  echo  that  he 
had  been  observing.  I  suggest  that  for  those  of  you  who  are  particularly  interested  in  even 
smaller  scales  of  size  in  the  marine  animal  community  and  even  the  organic  community, 
including  plants,  you  may  find  a  great  deal  of  use  in  looking  at  even  higher  frequencies.  For 
those  of  you  who  are  interested  in  aggregates  of  animals  and  the  larger  animals,  you  may  find 
a  great  deal  of  utility  in  looking  at  experiments  at  lower  frequencies. 

I  am  very,  very  gratified  and  I  think  it  has  been  a  very  rewarding  experience,  to  see  the 
increasing  quality  of  all  observations  in  this  community.  We  have  become  interested  In  measur¬ 
ing,  assigning  numbers  to,  ami  appreciating  the  significance  of  the  numbers.  This  field  hid  to 
start  out  by  identifying  effect,  and  this  we  did.  Perhaps  we  did  it  too  often.  But  gradually  we 
have  measured  what  the  effect  was,  and  we  have  related  it  to  a  mode)  of  the  physical  or 
bidogical  world.  I  think  we  are  off  to  a  very  exciting  future  in  teaming  about  this  aspect  of  the 
underset. 
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